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Abstract

Abstract
Continental margins are a dynamic interface
hydrosphere, thus controlling fluxes of t et
particul ar, estuaries ar eminprdlsancuetsr i emarsn e loirngga
matter and trace el ements (TEs) i n.Asli ssol ve

many TEs are essential nutrients for phytoplankton growth, their concentrations ([TEs])

together with macronutrients in surface wateuence marine primarproductivity,

thereby impacting oceaec o sy stearxsbamdcycl i ng. However, b
oceans, terrigenous TEs are modified at cont
removal, release and recycling. Consequent |
cont imeaerndgiadscrucial for discerning their sour
fluxes to oceans. Radi ogenic neodymium ( Nd)
expr edisemdiiasr especti vterlgcearse ofentshd iorei gi n an
mas ses anparsteiacwaet eirnt er acd¢ @ @m s il etrtifhigesc et chretsii I
detailed investigation of the distrrardbuti ons
earth elements and yttriumREY) i s perf ormed across the Ame
Amazonian mangrove belt and the Amazon shel
GApr 11 cruise. The objective is to investig:
TEBupplies, Ned dainsdt rHfb utsiodmg and their fl uxes

Within the Amazon freshwater pl ume, suspenc
contributor to the Nd and GWdnkrshgratumnéesons$
estuarine waters in the Amazon =estuary. [ n
exceptionally hi gh(1086 pmel&g ancld.4 prmelckd) a mah dt | ¢ f ]

| east radiogenic isotope si((ga-a4 Uitteds) 1o f wat €
substantially i mpacts the geochemicdl Ssignat
outer Amazon est-l@0%,otonhei buvengnd5fractio
to a revised global dissol ¥e8 Agoiywuesiinme akd f
empirical relationship between riverine [ Nd]

times higher than previous estimates. The
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di ssolved riverine Nd fluxes for gl obal mo
contributi-pHsrifvems |wwth high dissolved org

met al fl uxes.

I n the coast al seawat er cofafettrtadg i Amaz i alrE sme
Hf are el evated an d (eaonildinsciigdnealailrtehddBn riaddi ogen
Remar kably high f)Ndi]n (p~o50dgs it pprmaslt wkirgh Th.t &

are present in the Amazonian mangrove systenm
the estuarine water and creek tidal seawat el
The -MRe oxyhydroxide fraction efh aédbmemnxths bi
unr adilbigelhisci gnatldc 8s f o+7 . 8d famd Hf ). These d:
indicate that porMmwadxyhydrsaxhiade ediasnsdo [Fuet i on
supplying dissolved REY and #§f thsan@oastal
di stributions in the coast al os2dafgd N6d obal |
yt accoucO%wi afy fbe net global Nd input. This
mangrove systems in activating TE supply to

Above the Amazon shel f, di ssol ved [ Nd] and
paired with more radid®elt c2.i 3)btoidn ione aviadg e a s
compared to upstream equatorial Atlantic sea
[ Nd] 4®B000® pPmodr &kgnoted in sever al porewater
[ Hf ] -bat heeamr waters and porewaters across the
di ssolution of {Pmefoxryrhegd roixv erisnes wWheé shppli ynu
more r alitwgermiec bottom water and porewater ar
signatures. The NdMrd |laxy loydrga xniade ndyi § 3§ @olmu tFieo |
is apprdxiinmaty®ytrapol ating these findings ¢
shel f Nd -Md uaxx whyadrFoexi de di ssol Wd%otyrof aro

potentially compensating for t he previousl|
concentrldiens idmdi ons in the global ocean.
rol e of sseawamemt i nteractions, especially t
controlling the behavior, distribution and f

the Amakbdbn sh



Zusammenfassung

Zusammenfassung

Kontinentale R2nder sind eine dynamische Sclt

mi t der ozeani schen Hydrosph?re verbindet

Materialien vom Land in den Ozean steuert.
Meregn an Mineral en, N2ahrstoffen, organi schem
gel °ster und partikul2rer Form in die Ozean
Wachstum von Phytoplankton sind, beeinfl usse
mi t M&khmrest of fen in Oberfla@achenw2ssern die m
¥kosysteme und Kohlenstoffkreislaufe im Ozee
vor dem Eintritt in die Ozeane an kontinent a
Ent fnegr,nuFrei setzung und Recycling beeinfl u

geochemi schen Kreislaufs von TEs an konti ne
Quel l en und Prozesse-Frysvyer s heldeem, Okieemandhne
Radi ogene( Wae)odl ylIrha¢ Hf yml sot openzusammenset zun
al Qaun di; sind sensitivelndi katoren fer di e
Ver mi schung von Wassermassen sowie Wechselw
Parti keln an der Grenze zwischen Kontinent
detaillierte Untenguclhwungude-bgEneime Ndsowi e
Sel tenen Er den und Yt t-Obamf | (BREY¥)nwasns eAmd a1
Amaz oMaansgr ovengg¢rt el ufsaet ha l fH adye wh mA nRaazhormeans d e
GEOTRACES -B5SApedilti on durchgef¢hrt. Ziel I st
untersucheZuf dhe;uwndked®Etdopenverteilungen und

den westlichen Atl anti k beeinflussen.

Il m Ama®@bentl 2chenwasserplume tragen suspendi
den-WNrdd -Kdfhizentrati onen ([ANdhB+S[i Winlat usewi & ec
Sstuarw@sser- stmuaAmabkenas StattdeBlsess bmiet nf
auCergew°hnlich -nnodedKtHddlehstrani pNdiun@@1036 p
13, 4 pholunkig den niedrigsten radi ogenen | s«
Untersuchubkgsigse,blitets1)( die geochemi schen S
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stuarwassers IimAcAnpadamndtsemarumwe stmnCéiem und t
45 00% des Flussanteils bei. Diese Entdecku
gel °sten f#HAluusisartaitlee nv 8d pertavald ahr5 i t10i | f e eir
Beziehung zwischen fluviatilem [ Nd] wund pH.
so hoch wie fr¢g¢here Sch?2tzungen. Die neuen [
gel °st e fHlugsi saet ifl ¢gere Ndleo bfaglre zMiokdg nf t i gen St udi
di e Beitrage verdr FgWesrstgorHuntd t honhem Gehal't a

organi schem Kohlenstoff zu gl obalen Metallf/|

I m K¢g¢stenwasser-MaogrodemnAmazenasi nd die Konz
Nd und Hf erh°ht undetha@dSéngnmi ur enlkdzdis a gnee a |
17,8, 1). Bemerkenswert %ieéeln [PNdlerdiu>256@06npi

SignaturedAa7v8nshing -Mam Amazemayst em ver handen

Konzentrationen ([ REY]) im stuarwasser und
als Iim K¢gst eMmOaxsysheyrdAmixaindl Feler Sedi mente im N
zgiterbal |l s WerouadiSo gemelwr, 8n f(7, RdfundHf ). Di

Daten zeigen, dass PoNMmOxweahsysd&wfxli®ds ergzwnghur
Quellen f¢r gel°ste REY und HflcumhKest enwa

Verteilungen im K¢gstenozean domi ®2lefigbhn. Wel t
Nd pro JaB9% Weis, gesamt d mpglkt ebaluesmailNdt . Di e
wi chtige Rolle wvon Mangr ovensZyusftleunsesne sb eiin dde

K¢stenozean hervor.

I ber dem -Amaglomhasi nd diuendgKldHihdtean r dtNidgd nen
Bodenwasser (~300%) zusammen Htiidc9O,®adRpgenere
im Vergleich zu oberen 2quatorialen Atl antil
i st, dass ext r4eOnd OhOo hggmojl Ndklge h 5 @0 @n Por enwass e
dem AmaScohnealsf beobachten -anodsKdiilie Dt rea thiodhreenn
Bodenw?2ssern und Poren®%élsaslefr nwamnudemedu Aamia zodr
Auf |l °sounngvorgefor miMerOx yhydraxi den espei st
radi odiesraenr edas Bodenwasser und Porenwasser

geochemische Signaturen kontroll i-Mmen. Der
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Oxyhydroxiden im BodEhwasskbet st ggnnernodal aNdrl. |
Durch Extrapol ation dieser Erkenntni-sse auf
Sch-M#Fl uss durch di4nBxyhyduogi dem Fe@en et wa
18°g pro Jahr ermittelt, der -Dedtiznzti ebéi ddie
Bilanzieruftgnzeeaet r aNdiheVireert e iulndn gen I m gl obal
ausgl eichen k°nnt e. Di ese Studi e v-erdeut | i
Meer waVes s el wiirnnksbregseom,der eurddufKdrie i démufFe beli
Kontrolle des Verhaltens, der Verteilung wun
anderen TEs atfchekdrmh.Amazonas

ThanksNinafor improving German.
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Chapter 1. Introduction

1. Introduction

Continental margins are the key area linking the terrestrial lithosphere and oceanic
hydrosphere and control the terrigenous material fluxes from land to oceawniinertal
shelves constitute approximately 5.3% of the earth surface with an area of Z.Rm?10

and a depth normally shallower than 200 m, theg c e i weatheted &rrigenous

material fromlandva st a mmineralfsy;su torfi ent s, organi c matter
( TEs) supplied in dissolved and sparntdi ctuhleant e
i ntroduced i rdtuaried. TEs suchaziram(se), eobal (Co) and manganese

(Mn) participate in a range of cellular processes playing a key role in phytoplankton growth
and marine primary productivityT wining and Baines, 2013Yhe concentrations of TEs

([TEs]) hence influencethrear bon cycling and the food webs
oceans. Therefore, the sources and processes
are thus crucial to constrain. The primary s

TEs,f shedi ment sf lamxd hpo rasswatcerat ed processes e
processes (e. g.,( Sheorokvoavli tazn deitad dadpiatritadln9I78 ) di s
the exchanges between parpadrcdweat earn dmisxe anvwga t ael

sedi-menéewater interactions.

Global rivers discharge ~1.3 x $0n s! of freshwater containing high [TEs] and thus

constitute a major flux of most elements from the continents to the ocean. For example, the
Amazon river, the largest river in the world, contributes ~3 *d.@day* copper (Cu) and

~9 x 107 g day! nickel (Ni) to the Atlantic Ocean and accounts for 19% and 15% of the

global riverine fluxes of these elements, respectivglpllister et al. 2022) Shelf

sediments have been identified as a critical source of TEs to the overlying seawater, as
demonstrated by benthic flux chamber investigations at continental mgtgaggie et al.

1987; Pakhomova et al. 2007; Homoky et al. 2012; McManus et al. 2012; Plass et al. 2020,
2021)and evidenced by observations obtained close to the shelf seduaentinterface

(Lam and Bishop 2008; Homoky et al. 2013; Nishioka and Obata 2017; Liu et al. 2022b)
Concerning the porewater discharge (i .e., b e
from sedi ments have been observed on shel ves
reductive dissopbaohobn ef akdj m2OGi1%; Lenstra
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Estuaries connecting freshwater and marine environments are key components of the land

ocean aquatic continuunshar p changes of l onic strength,
stuarine waters cause reactive metals such
eody mi um, Nd) )teon do eh afermowne d( Hfr om sol uti on t
i a-l a@lutced coagul ati on -)amadr tprcdceispianmd i oml lod
Boyle et al ., 1977TheGledghirleduet ngl t he2®2 2)xe
ceans. The exchange bet wedsmorpdr toinc laemsd ared o

s well as particle dissolution along the sa

- 9 O —~ < =S o

reshwater plume due to the high content of

(7))

upply of maj or( Romssdawme tAeaadlwvhee? OVl el vy us

St

boundary exchangedo describes the exchange

(7]

edi-meatwater interfaces (SWI s) and is defin

sedi ments into the seawat eegd blyy ptalrd i si mu ldti &

=

emoval / scavenging of elements from the sea\

signatures in bottom water withoutfLaddainng si
and JeandelSe dp2or@eddat er i nter axeawatseranmi Xxponr
within the wupper unconsolidated sedi ment an

classified as the processes assandatedpivedh
with organic matter d#MMgr acawiceamondamidt rsiufl ifa
(Canfield and. Thhendrei¢pyc 2i0Wd)di ssol uti on and
of -Mhe phases are princiopal factors control i
t he SWI s.

Tkesseources and complex processes make it cha
from continental mar gi ns t hrough di ssol ved
sedi-meawater interattgbast Rind fploux)watamd t o
role of rivers and shelves in the bdiogeoche
reactive el ements, such RBRE)r ama a&dr talr ee I[peamdH
useful i n shedding 1|ight on the sources an
freshswaatweart er mi x twagt earn d es.egd. i, menrteshwater, se
interactions, which is fenfalbd sldwdtyerd,i st e aawdt &

and se@Gmkedssein and Jacobsen, 1988a; Hal ey
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Zheng et. aAddi t2i0on6a)l 'y, HREYFlaREYsarfdheMREY/ K
and | ight REY, defined in Methods) of estua
estuarine mixing and early diagenetic proces
gradients and within tlhgHasleady meint alprof 204§,
2012; Rousseau et al. , |l 2046di Laoketrd REY,alr a
Hf isotopic compbsaintdi;omrsespexcpgrieedegd (adsefined
highly sensitive tracers of the origin and n

of their continental source contributions wi
conservative hbhéhawnkr ROO2B2pawahede Flierdt
2009; Stichel et al., 7T7pPhéebPedmdSaejiehempett adt.

tracers of wateqpamixichg amdesaeawwadmsi ratt e rt fhaec
(Lacan and :Je@invdeen ,t h2a0t0O 5r)i ver s drain differe

and particles are characterized by distinct
1.1 Major Research Questions

The Amazon continenhami d hteldlqdluppitsalt abt e@ gi an :
coastline of about 1000 km and a %imfdth of 3
recei vesMmydf 6éd4bwater di sihd¥tree ramge n®.u3d Idel(

material from the Amazon'?Rijwergaadc comm@ma mioad bt
(Kuehl et al., 1986,; Richey et al., 1990; Sc
2003)Due to its significant rol e, the Amazo

i nvestigating the sources and processes coni

|l ight of previous studies, sever al key quest
(IRousseau eotbsalrved2@ls) ight increase in dis
accompani edlidby desbi fmdiowmgenic values in the

t hat dissolution of (re)suspended particles

di ssolution in estuaries a vital source for
di ssolaltudoens imMhh okh by dFdreoxi de and silicate
di stinct i1isotopic signatures that were not

potenti al sources of Nd (and Hf), such as t
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hat itmdfséhacshevait®@r6 ahnt@lly into

.efThel fir202Question, therefore, is:
[ Hf ] ) and their isotopic signature
of the Amazon estuary a | arge mang
ves as a buffer zone between | and
al materi al . El evated concentratio

belt have been observe@depCasumbhhby

021; Hollister elowalver,20B2; spelti s
controlling the TE concentrations
tly, the second question is: Which

i sotopi eseswghatupnés t het Amasanfane
t he Nd and Hf export fluxes?

ated margins typically exhibit high
s supply of( Sfervegmamar teitc uallat,e 2n0altOe
t e oufracktnoorwd ecdogret,r alhlei ng REY and Hf
e worl doés | argest riverine dispers
, i s Whi ch processes control t he
S solme ltfh,e aAmh zwvwmat are the Nd and Hf

h el ements and neodvamieumcamaéal hakrei
geni ¢ -Mmh acsxey hywoclo x adesFeextracted f
era are widely used to trace water
hGuthjeatlpraset al . , 2007, Gutjahr et

al ., 2019heHapapbygientabn, o202@apdgi ogen

as aceahecirculation tracer - assumes

nservative mixing behavior in the ocean ar

gl obal seawat er c(iBrcouel cakte ro na ntd Héxe e(\gelr 510908

model s show thearsfrwei desoceamet am&00f oc
bstanti al Nd s8aqricref drefbali aigdsnsd Ir[i Nodult G aonnd |

gl obal ocean. Moreover, many studies hayv
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external Nd to the ocean and challenging t
conservative behavior, for example, exchange
(i .e., boun(dheaan deexlc hatngeal) ., 20M®mMar iJreeanglred y nd
di scidofpg@annesson and Burdige,an20b&,ntholcanrdnda:
(Abbott, 2015; Abbott et al ., 2 OTlh5ear; e fAodbrbeo,t t
considering the high freshwater and particl

significant sedi ment accumul ation rates on

materi al on the shelf and i n mamgrtolve ffloux s
REY, especially Nd Il sotopes, exported fron
examination will i mprove our wunderstanding o

address the oceanic Nd deficit.

1.2 Objectives

Based on the discussion above, in this thesi
the sources and processes influencing the TE
Amazon continent al shel f. This investigati o
i sotopes, to explore related sources and pro
sedi ment s, por ewater di schesreqpavat @rs $ learcihmen ¢

seawpdreewat er mixtipmog,ewandcrsathimemics t oaisn i ¢
and Hf fluxes from the above sources and the
Hf budget s.

1.3Rare earth element geochemistry

Rare earth el ements ( REEs) encompass the f

numbers ranging from 57 to 71, from Lant hani
Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu).
behavior within natural sy'stadmancckeu e ttad et haenidr
ioni c radi i. l oni c radi i decrease gradual |
contraction. This causes each etaelmeptotesbeh
all owing for detailed geochemical fingerprin

can adopt alternatawd, 22rad smecet isvtedtyes umnfde 4
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conditions, which cause their geochemical b e
enrichment or depletion of Ce and Eu rel ati\

and are widely used to(Elrderfirelddbxarcdn@rn ¢ a\o

Baar et al ., 1988ttEIider{iveél ds I9&&uently i
REEs due to its identical charge a(mBlawmearly

and Dul skimakli®®5)Y the geochemical twin of H
collectively with REEs as REY (Rare Earth EI

an exception i n'“Rnmatha-ti fieshafafdoinolayc tli7v.e7: year s
Pm is naturally extinct i n current geol ogi «
geochemical analyses and interpretations.

Il n aqueous geochemistry, the REYs are furthe
REY ( MREY) , and heavy REY (HREY), delineati:
masses. LREY comprise elements from La to N

=

angeDy rtoon Lu, with Y wusually grouped with t
(Elderfield and Greaves, 1982;. Hbo | fea ceitl iatlat,
clearer understanding of the behavior of RE
standard practice to normalize REY concent |
refercempe®si tsiu@miv e asalgeel e or v alhweldnr ittlkei s study
normalize all samples to theT®pkor AantdedolLAn
1985awhich is considered to be a good approx
upper continent al crust. Il n aqueous solutio

di ssolved pools. The particubagreptoeold thao mp

Om and is typically separated from the disso
Nonet hel ess, nanoparticles and coll oids (NPC
traverse the filter. Cbuos teigfefeenrtelnyt,i attheed diinstsoc

di ssolved | oad and the NPC pool
1.3.1Rare earth elements and yttrium in river water

Rare earth elements in river water are most |
the river catchment throuBdanfcihelmd cahd wEegglhet
Shol kovi.t ZWeal h®%)ed materials often show an
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exhibiting an enrichment of LREY compared tc
t htahi s fractionation arises partly from the

which are then transport, dwllewayREYr cam et hpa esfietr
retained, either by adsorption onto or by i1
during the wdadtelsdriitrig @APOF¥Oes Duddy, 1980; Bar
Braun et. aAs. ,RElYO ®m3¥)acpiaveielements3iomsriver
readily bind t o) tphaer tsiualfea,c essucohf asnaFe and Mn
particles via surface complexation, effecti
coll oi dal pool s and mi ni mt lzternugl yt hdei sprod yverdt
(Shol kov.i t HopwelWwWer5,) t his mechanism is counte
wherein dissolved jn&€l$OnDeE £l@ingdasfAiRIGT drinke F
compl exes®fiwdnsh, RIEhfer eby competi fdolwanhmessiorn a
et al. ,0rn@adédr6i)c | igands, including humic and
REY speciation ciompewiitalgal naoradg @&misg | i gands f
(Tang and Johannesson, 200Bnhandéd Memplearht
La to Lu due to the decrease of atomic radi
decrease in the pgtiomosr tiinonwatoefr farnede fREYct i or
LREY are preferentially (aCdasnorrbedd taon dc oBlylronied s
Hyeon and ByCorsed9®9®®8)ly, within the dissolyv
is comparatively enriched in HREY, wher eas

LREY relative to the(8kherFkhoVidtssdd998)d REY p

The pH of river water is a critical factor
Both the concentration | evels and the degr ece
systems are influenced by pH, iacsl ense.l |Tyapsi chay

di ssol ved [ REY] tend to increasedegsenpdndecrtr
shifts Iin ad¢Gopdsoei aeqanldi Bracwibslean, stlOBi79 s

t hat i n waters with higher pH, a | arger pro
enriched (SmoHR&Y.i t GendrPal5)y, rivers with st
di ssolved organic matter and | ower pH value

di ssol ved REY, and the proportion of the tr.
(Gol dstein and Jacobsen, 1987, 1988a)
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In the Amazon River basinwhittheerrei vaerres ,t hirleaec kk
clear rivers. They dFspghagyWhiteewaeertr REYepast,
Ri o Solim»es, Rio Madeira, and ultimately th
MREY enrichment pattern withouwmttaanyr@etamomoimai
REY in théMBPE€chebThR21lgattern i s consistent
ot her major tropicadfRaehV ér €tanad ht, meD@rhi¢n cCom ¢
Mora et .alln, s2@2@&) contirnastth,e BaAlsraaczkotmma aser t he v Br
Negr o, Rio Jari, Ri o Trombetas, and Ri o Uruc
smal | positive Ce anomal y. Meanwhi |l e, cl ear
relatively f1l at REY patternMewischeb Tht@lLV) r
consistent REY patterns suggest that the geo
mai nly controlled by its Andean tributarie:¢
(Merschel , 2017)

REY pattern of rivers in the Amazon Basin

N %

10° —8— Amazon
Jari
—8— Negro
—8— Solimoes
Tapajos
Xingu

REYpaas (*10°)
\(\

La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

Fig.1.1 Dissolved REY patterns of rivers in the Amazon Basin (Merschel, 2017).
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1.3.2Rare earth elements and yttrium and hafnium in stuaries and seawate

Estuari es, the interface between the | and ar
el ement fluxes (e.g., Fe, Mn , REY) from riv
pr oc e svsoeosr e et al ., 1979, Gol dstein and Jac
Shol kovitz, 1993, 1995, IPonktrhes&yt mans iStcihmn &
scal e removal of pe.rBHY laen d eHafc)t iovfet eenl eontecnutrss
sal i ni t(yShroelgkioovnist z , 1993; Lawrence and Kambe
Laukert eltn atthe &due/gus sol uti ons, a majorit
to NPCs, with only a minor fr(akltdeornf ieexlids tetn

1990; Shol.KberetionktBBE2phwat erc,hatrhgee noefg atthiev eNF
prevents aggregation maintainingendeunt esrus pe
seawater, the reaction with seawater cation

triggering flocculation and precipitation i

1977) . Hemnaoeucehe coalgul ati on ecf tMRC3 afsfsocti
par triealcad i ve el ements from solution -and si gt
reactive elements from rivers into the ocean
Tabl eMalx.i mum Nd removal percentage in differ:
. . Di schar ¢
River es Maxi mum Nd ( A )
Amazon 93 % 206000
Congo 57 % 42800
Yangt ze 90 % 29934
Mi ssi ssi 50 % 19343
Lena 72 % 16838
Fly 87 % 6500
Sepi k 81 % 3900
Great Wh 6 6 % 1205
Gironde 6 8 % 671
Chao Phr 58 % 400
Tamar 6 5% 23
Mul I i ca 81 % '
Not e. Data are compiled(Roamspray i dlQosnlgsot u@io

(Rahl f et Yaaq §h=r2e02tl )a IMi ,s 2ABE=ADm@p/io et Laha, 20
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et Flayp a(kRhooll 7ZK)ov i t z andGrSzayt mcWhaakl,e 2
in andGilraamdees d@éri,n T8 &) RhNb&yadk ) et

aukert
ol dst e
2amaedMul I(iEdader fiel.d et al ., 1990)

L
G
I

The estuarine behavior of Hf i s not wel | con

- O © O

N

Q

Q

ontributing to our undendtaanhtll egotondat emolV
ccurs based on the seasonal (QRoanhgof Reitv earl .Hf =
n the Hudson River estuary, an increase of
bserved, potentially lIinked to porewater di
esuspendge@ogfarey céelsmlcqont2ro®d@L8t) to Hf, there
nf ormation available on the estuarine behav
f dissolved REY (Nd as an example), wvaries
5% ele Tah!l e nl.tlhe Amazon estuary, removal r e
een c a(l<huollaktoevd t z , 1993, Wharsesas udagredp ihedar.| 2
iver, the Congo River exhibits( Rahlldweert padr.
021)Conservative behavior of REY was found

n winter supported by | ow dissolved Fe <col
ccurred in spring and summer enabled by i nc
Dang et .mHus, 2t0lRReeagont end. go.f, ifeoragrdi kn NPT
ol l oids) in the freshwater exerts the main
n estuaries. ThMems xhalg eatk gaolr.d meohlsby)at ed t
til| behave conservatively i n Ri o Negr o

oncentraemolbih 6 3. hi gh. They benefit from t
arbon concentration ([ DOC]¢emo( elhg. ,whh wnri cc aar
nhibit the aggregation of inorganic NPCs. I
nd high organic |igand concentration in th

nd export to the ocean.

As LREY are preferentially sorbed to NPCs w

e
d

p
z

nriched in HREY, the estsualriimiet yw eznoorvea | e nohfa n\c
epletion in estuarine w@afkol movdi ttThhues 1IFBYa) t |
atterns evol vdee ptl eweaerddesaanad dHREEE p atstaeé i mi ity t h
one f ol |-oova lngg rleaemawea l of dissolved Nd and r

10
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with pronounced Ce anomalies at Hkigh.dal2init
Théreshest water hasdt MREB/(MREENheCef @e Met h
signatures, both of which decrease with in

suggesting that the removal effi8helnlkcyv iftod ||
1995; Shol kovitz and Szymczak, 2000; Laukert

Congo
1
salinity 10 "0/0\0\0, salinity
00 o —0—O0— 00
00 o—o— —0—0 |l-o- 23
15 -®= 332
-~ 105 -®=- 335
= - 174 =~ —— oo o ..
=} 100 --219 © - 38
T - 07 ) 100 - 341
@ -e- 358 -.- 346
g 3 — - 350
> o - 358
] w  gmo |
o ['4
-1
10 -1
10
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Yangtze Mississippi
salinity salinity
00 00
03 o 0.0
08 - 82
12 10 -e- 198
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T 49 T - 24
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§ -8~ 80 g -8 228
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o - 160 (¥ -&- 314
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1 -~ 190 10" - 357
10 -8~ 350
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St. Lawrence
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu : i;‘; La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig.1.2 Dissolved REY patterns against salinity in surface water of different estuaries.

Data are from prddRoauss exatuy ¢ iCa(sRpdAIM Dedtrd )al ., 2
Yang(tWaeng and, LMus qagi&dppyio et Sal . L(ale@nigd h c e
et al ., Lelhadtkert et al ., 2017)

I n seawater at a pH > 6. X!s pdeicsiseosl vaendd Hfs icso n
with Fe and/ o(rByrrme,nix0 x2;l | Ba uwd satfd iKo srcditi nrseka

di ssolved in seawater and is rapidly removed

11
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of sinking particles, i . e. a scavenging pr
seaw@Rierdaus .efThael ver20¢&) distributions of

removal from surface seawater and rleigkeener at i
el eme@adfrey .etl mlt.he 109c9e¢6ayns, di ssolved REY a
carbonate complexes: -¢tREomai el goYmpkleREWY s ( no
typically occur as didaChonaetkel camgl Byense [ Li
2002 )Vertical oceanic [ REY]i ke sgrra fbiultda ,o nisn cerxd
depfFhgdd,1lr®hl eactviengi bl e scavaeamgicdgepscae e (
occwmessirhe surface and partidelsor pgimonempaxlbiuz &
(El derfield and Greaves, 1982; SBAhtdenlielked,

REY patterns of seawater show an enrichmen

pronounced negatigyel®Pdedromalty a(] scavenging

surfaces in the ocean | eads to further fract
pattern in open ocean seawatdrShoé¢katvi ve o
1994; Al i bo andThNosz afkir,t le9r9 9f)r acti onati on al
basins, |l eading to an increasing HREY/LREY r

in deeg Owbbene egtasala, r2eul) of preferentia
particles relative to HREY along the deep wa
(El derfield and Gr eaZltesng 19t8h2igd hB I i(dgelrtfé de Itdnh,a tl
mass advection predominantly governs the dis

that REY in seawater could serve for tracing

12
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Dissolved [Nd] profiles in major ocean basins

0
1000
2000
E
£
a
[)
m)
3000
4000 Basins K
% North Atlantic
% South Atlantic
x  NW Pacific /
% Equatorial Pacific
5000 X NE Indian
% Southern Ocean
5 10 15 20 25 30 35

[Nd] (pmol kg™1)

Fig.1. 3 Dissolved [Nd] profiles in major ocean basins.

Data are fromNBrAvi(i&obic& éudeeSadlt.anhWaehS8)
et al, ,NWORanAdiifbioc and , NEgalkit ,of Waf g )Parcd f Yacmada
2006 )NE (Ndzaki and Aloiulh d,¢ H2a0t@@3I)e are . et al . 2

13
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REY pattern in global oceans

10°
=
-1
S 10
L3
%)
<
g
> ;
w —@— NE Atlantic (11m)
[n'd —l- NE Atlantic (1842m)
@ South Atlantic (4m)
- South Atlantic (4990m)
—@— NW Pacific (5m)
- NW Pacific (2500m)
~@- Equatorial Pacific (Om)
10_2 —.— Equatorial Pacific (5105m)

®- NE Indian (Om)
NE Indian (3552m)
Southern Ocean (102m)
Southern Ocean (3799m)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Fig.1.4 Dissolved REY patterns of surface and deep waters of major oceans

Data are fromNBrAvii &onbic&éudeeSadlt.anhWaehs)
et al, ,NWORaAdiifbioc and , N&Egalkit ,of Waf g )Parcd f Yacmada
2006 )NE (Ndzaki and Aloiulh d,¢ H2a0t@3d)e ae . et al ., 2

1.3.3Rare earth elements and yttrium insedimentporewaters

Porewaters of sedi ments are the key enviro
processes bedeweiemeds eRRBAVataend terrigenous sol |
patterns observed in porewater REY profil es
varonast iacross different sedimentary environm
sea basins, and spanni@Qmg hexischelt & @&moxiecar s
porewater REY profiles display a deep [ REY]
depth of 17 cm in the TEANhgLChBn@De@angthzallf . ¢
2022ad at approximately 4CEladmrrdepti il andBwhz
1987; Shol koviGanwdr ¢l y, ldt89Mmanyseanariaznt al
such as the we(sAkhmt tTaetmatahl eS,eCr2e0glodn)/ Cal i f or
(Abbott et tahle ,NO2rO(lkbebaysnt ePaegitf aée . PéBA@L@BFr gi n
et al, ,arRdO0tdhe deé¢ Pewgs € é,r atlhPeasce Dpilr@o)f i | es t y g
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a shall ow subsurface maxi mum;l15gemmer allhley paeta |
concentrations of REY (e.g., Nd) are! notably
at the East(CTéamngaetSeallsthe2d 22&B0t pbmowekfgern Ta
Se@Abbott et aanld. ,4 0200 1t99at2260e p@®Ooeégkm/ Cal i for
(Abbott et latl .hhas20bleéebn noti ced that the diag
i's accompanied by the preferential rel ease
as preferential LREY removal i n porewaters,
REY rsesiunl tsi gni fi ca(m3$h RIEKO V ir tazx tAe torreaxlti.ied nyl 9a8f9 )p
have been i nvoked as the principal regul at o

and Mn oxyhydroxi des, organic matdieons phosp

=

eadily bind to the surfaces of coll oi dal 3
urface cofBpolekavi btnhe 1r99byct i ve di ssol uti on
nder suboxic conditions and their reprecipi
he REY release and rermicdadleywiett hidid gée iR t

c O

—+

found in authigenic and biogenic phosphat es:s
pronounced MREY or HREE enrichment i ncludin
seawat er RBY®cpuaytetrerents al . , 2004; Chen et al

al ., id2@22kte that phosphates are an essent.i
and/ or subsifinuthencioKs tR&ER r |-Cainlde kEe dly9 94; Rey |
et al. , TH®L9)t he dissolution of phosphates m
REY. MoAdbbwernt, et sadges(t2e0dl 99 hat cl ay mi ner @
authigenesis are |i kely the primary control

govern REY f r antatrisoeneditmeomt sw.i tlhn ns usrenthirmge ntt h e
system is complex resulting from diagenetic

redsoexnsi MnvehbBees, biogenic and autshigenic p
1.4Radiogenic Nd and Hf isotopes systems

Radiogenic isotopes are generated through t
di fferentiates from the mantle through the
parti al mel t s, during whi ch parent and da

f rtaiconation i s based on their ability to sub

15
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|l attice, which is known as compatibility. Co
continent al crust exhibit different el ement
daughter isotopes. Therefore, t&hearfadnogieanc

both their type (chemical di fferentiation)

i sotopi ¢( Gaalrdsatteiomsand Hemmi ng, 2003)

Nd has 7 natur al'Nd,tNdé™d¥*RalgN dil, Nat & pnats.
The radiogenriNd)Nd si po tostpeec a@y/'Smyf wheh fae hoafl f
106 (Ayuwugmair and ¥Maramd N®O®@78HDoth rare earth

similar existing solely in the +3 oxidation
mel ting, Sm exhibits slightly greater compat
the reantbal mhis results in higher Sm/ Nd

1N dtMd ratios in the mantl e Fogmp @e&®dot o ahd
Wasser bur gEtNel 9d660ndances in rocks thus vary
its Sm/ Nd“Nde'Md oraThes are expreskmedatsiomg th

pToipTtT
pTafpTT

p pm

where CHUR refers to the Chondritic Uniform
evolution of a uniform reservoir with a Sm
meteorites. This concept serves as af hypet he
Earth in the absence of “dyNdf rraacttiioo n@aft i GHUR
0.51p6880bsen and .Wasserburg, 1980)

16
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T | e

3
2 lh partial melting £
'5 : partial melting
- owz: bulk earth / CHUR
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‘-% /
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A
A

Time (Ga) Time (Ga)

Fig.1. 5 Schematic evolution of Nd and Hf isotope compositions of the CHUR over

time and within the Earthodéds mantle and crust

Similarly, the tH#f)odgsnipbadoddaysmfogwiet ( a hal
l i fe of( SBc7h.e3r eGy retL ua,l .1,i k220 0SIm and Nd, i's a r
Hf belongs to the group of high field streng
i sotope Hf accumul ates in the mel't fraction
residuum, we¥HMf/MHifngatmoboin the crEis§. compa
1)5 Like Nd isdftHd'gHefs ,r avtairoi aatrieo rasl (hiant eaxt p roens: s e

PX OGP X X
PX OGP X X

p pPT

where the nmdlife/lHh CHIURe (i Bo WV i2eBr2 7eB8tA sala ,r e2s0u0l 8t
of the | ower Sm/ Nd and Lu/ Hf ratios in the
the continental c¢crust, particularly ancient
i sotope comp@anl@tviadmuse s)l awvwman young volcanic
such as ocean i-edeaand rbiacspd tlsa soal tnsi,d whi ch di

i sot ope c o mphaasnlni aolnwse g )h.i g h

The -Ndm anHlf Lsuyst ems-l avedt dechgngystems, whictl

to the 4.56 Gyr age of the solar system, me
exists in nature. Therefore, t he raeb ustdialnic e s
increasing in rocks and water, but satt orpaet es

ratios are negligi pGel oseei shand DBemeaitpgt h?(

17
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high atomic masses of Nd and Hf isotopes, as
mass fractionation in oceans of these two i

ratios are conservative tracetemeneétledtiangr

processes on the earth surface generally san
i n most cases the radiogenic isotope ratios
di fferent ages. | f thhe heli eme stod opree rdiit $ DE| wd
over any travel path as long as no additions

occ(uGol dstein and Héeémmiabgyve2@®Ge&e)mi cal propert

the i mportant basis for them to be useful tr
1.4.1Dissolved Nd and Hf isotopes as water mass tracers

Di ssolved radiogenic Nd and Hfsdc¢aloe opiesi g eo

water masses i n FKihe.) mb.déhi s apedmseati on rel
assumptions: 1) Di stinct i sotopi c signatur e:
uni que I sotopic signatures that are signifi
acquires its Ndmarsiolty pfircomigamttiumentpali weat h

Pacific Ocean, surdeninded rmhoclsiuwnagk mamittd eaav
-3, making it more radi,ogwehniicch thhaasm latviea atgtiel a n
172 Gol dstein and Jacobsen, .193Be’ep Bweatterasm iam dt
Atl antic, North Pacific, andsiSpruatiet-&s Ocean
4 -F ahdd, r es peldteipwealays) and Wasserburg, 1980;

1987)Al t hough studies on seawater Hf i sotope
variability between the Paci fi eMnancdr uAsttl sa natnidc
nodul es, which reflect amlfiZe mmes enmawal €t ias$ ot
suggest a positive gl obal correlation betwe

di splay a |l arger magni { Adbbanfdehanhgabk. {thafosB
2001)But Hf isotopes are stron(guiayn ade ekltieadr dot

al ., 2007; Riarkd it eus allave 2000 preferenti:
continental weathering regi meGutajnadhshetrtaldi s
Ri ckl i et al ., 20.142) BlicQumegeawaataetvealmi xi 2@l b
geochemical behavior of Nd in seawater i s (.
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Chapter 1. Introduction

masses, bi ol ogi cal or chemical mass fracti ol
negligible. Further mor e, strong corlkeel ati on:
di stributiodayiocehespr@dsant tOutilfict Amalrledi ct e
by conservative mixing calculations, demonst
of Nd (vyanopes FIl i erdt et al ., 201 &;01Pachi ka\
Rahlf et al ., 2020; Wang3)etApdr.qpr2i0oa2tle rWaus ied
residence time of Nd and Hf should be shorte
yea(B)oecker and PPernvg,ou$9&2)udies have sugg
residence -L10M8s yefr-850080ndy e2a50s ,( Freasnke ct2 ovle?;y

Tachi kawa et al ., 200 3; Firdaus et al ., 200
Rempfer et al., 2011; Stichel et al whi2012a;
is long enough to allow Nd and Hf signals to
to prevent homogenizationksaghbbabl yn Théfdret
basins and water masses [Eiog)yobo®6ate this thi
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Fig.1. 6 A north to south transect of (a) Western Atlantic Ocean salinity and (b)
Western Atl antic Oc egdstribstiers (Lambelet etdli 2086p|1 ved U
Wu et al., 2022)

The salinity
e

di
hacontour s hi

stmadstsonueshowdiet et ivan ewigt o |
X bits a stsiekitngnresembl ance t

1.4.2Sources: dissolved Nd and Hf isotopes to thaceans

I n order to reliably apply Nd and Hf isotop
mi xing in the modern ocean and as proxies f
their sources and sinks, as welésasstheed po
be better under stood. Early work suggested

di ssolved riverine |(Gaddandi mtenbospheri clo@d:
Jacobsen,Thle9 87)o b al rivers contributse la net
189g Mraking into account 70% Nd Goéndast ®li ndwamic
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bsen,Adlddig87i)onal | y, % TyfertomMidp d&rltuixalo fdids slo
ian dust was &estimated, dsTacrmiikawa <®ol @
)However, t hese Nd sour ce fluxes appea
entratlansiNdpuandns in the gl obal ocea
pproxi mately 500 yr for Nd isotopes i s a
nputs b Mrsti mat & d(1TBayc hmokdaewlas et al ., 200
20009; Rempfer et Td .ad ®rOelsls tGui setdiaslc.r,
tional Nd sources includindJoshlamarisseng
Bur d, gleent2i0 ) { Adbibmnent eihaéxeg!|l &4d&ayi a p

o(l RiIbu sosne a u heatv ealb.e,en2 Ppro)posed. Quantifyin
ins challenging due to the | imited amour
[ Seo]f anodcal bottom water as pofewaters
ature diffuse upwards in skdi peamt uper ®\e

porewaters may differ from bottom water ¢

rption from particles, phosphate di sso
igenmedori peefoe phases ag8hdl ksevl vEngtd
; Hal ey et al ., 2004; Abbott et al ., 201
| .AbR®t2t2 bg te satli.ma t2e0dl 5ab )g !l o b al berft hic Nd
However, the significant spati al vari ab
ronments (ssehae | f HShicrlllopei, t deetp al . , 1989;
tt et al ., 2 Oalnbdb ;t hDee nsgt reetn ga lh. ,0f2 0tlh7e) b e
ely related to advective processes, bot

en in bottormDeratgeretambhese®ROB®La eapeeci se
traints onRbheséamnt kbdlcsaebrovuer(d® ®al 55)1 i g h't [
ol ved [ Nd] acclumpaniesd bydaogéanic value
nities and thudg eddfi ynmx elly adi3s slo|l~ut8i.®Bn Ic
ended sediments on the shelf gl obally.
erent sour cleadllZzzer €t susmwopr tbdnbhing that
i buted to boundary exchange is generally

e from riverine and dust Iinputs.
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Tabl20cle.ani ¢c dissolved Nd budget s
I

nverResi d
Inputs (net) (1 Bg) t 1 me
Parti Bound

di sso exche

Ri veDus SGD Porew

3 ~ 1 442 ~ 26 ~ 31~ 855110 45001 50 0
Not e. TheBgulyirtDaitsa a0 e from theéGblitsetatnranc
Jacobsen, 1987, Gaill ardetdd@satcal kawaoes8; aDar

Arsouze et SGDqha2Onle9%S)son andp Buewatger, ROMOt7THI
(Abbott ef part i @IloaR5obu)sssseoal uu t @ tdbmauln.d,a r 20 1eb5x)c h a
(Arsouze et al ., 20009; Rempfer et al ., 2011)

Similar to Nd, the oceanic dissolved Hf is r
(Bayon et al al .202®09Bay &®m ovthti ic het salev,) d2009
reported dissolved Hf ¢ oncCGonntgricavteiro n sb ea fwenean] O
and 53.9) ,pnmohle kgol i m» e 3) rainvde rt h(e2 1IRi50 pNreog r ok g( 2

H in the Amazon basin, and of otpBRrckliivees |
al ., 2013; Mer schel et &alnh. ad20t1t7vbn Rahlrf ver
significant contribution from submarine hyd
(Godfrey et al ., 1997; MBaeweoaed, Kascshigms Ky c a.
from Saharan dust to surface waters in the
(Rickli etFahall 2019)milar to Nd, rel ease frr

Hf , which has for example(lReekl obeeBwmtt dHi 2010
sources and corresponding fluxes have not vy

' i mited data availability

1.43 Processes: controlling Nd and Hf isotope cycling

I n oceanic environments, especially in the i
di ssolved Nd isotopes is primarily governed
but al so vertical processes phbyayt haen o brspeorrwvt e

increase in [Nd] from the North Atllthntic to
in intermediate and deep-coocneseenr vvaatti evres nb rxa andgl
water mass endmdmaehi kawao eito meéwnesr , 2048 7not abl

in open ocean basins is the relative depl et
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enri chment (il derefpi, evett @wis@lgi8kheu tprrioefnitl es and s
t hat vertical processes strongly iThhfilsuence
decoupling of [ Nd] and isotopic composition
parad@oddstein and Heommadddr es2s00t3hi s par adoX
Aireversible scavé®Bgddgdl wasThitso pwrRaadeds)s | nv

el ement being in dynamic equilibrium betwee
surfaces throughout the water column, | eadin
rel ease into deeper wat eurr nidauses etso. plairet idcel seo r
aggregation/ di saggregation, or changes in t

parti c(lSeisddsailnlk. etNoal. t hat08he process of rev
the physical process of particle adsorption
confused with biol odgiScaldai hc @ntSptardda teis@ith@&fle RE

that reversible scavenging can solve this 0N

vertical processes than(Wdngoet.eaktrat202%) i n
fiBoundary exchangeo is another significant pi
di stributions and is defined as the simulta
margin to seawater and removal of gl, ement s

meaning that the boundary can se(rlveec aars asmdir c

Jeandel , ThAOGB5)procelhasssi gaat uroas f y n bottom w:
significantl|l yRickhngiengl sfloNddhz@®@Y4)ed a bounda
contribution to Hf iIisotopes along the West A

i ncl de interfaces bet ween | and and oceans,

u
| arge sedi ment dep@psiotcessarnsd edGD.mpEschanegd ar

the release of el ements (e.g., di ssoluti on,
with processes that remove the same el ement s
on environment aoédr cimmidct ic o m ®] reldinkdeed mHdo v ¥ @ ¥

the exact mechani sms of Nd isotope modificat
Sever al mechani sms have been proposed to co
benthic fl ux, whi ch has been meanttei omatde raibaolv

di ssolution at the margins and the coinci de

phosphat g Periamerealed) al ., 2013; Rousseau et al
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For particulate Nd and Hf isotopes, due to t
i sotope compositions in most terrestrial roc
as the Ate(NVNesvoornt .atHoalkder 20uLh) i ke the re

Sm/ Nd ratios across different mineral s, Lu/ F
a dense and refractory mineral, significant/
and weatheringgseestuéersna, sabstansi al portior
but incorporates minimal amounts of Lu. Over

devel oping distinctly |l ess radiPadgeried t siedgn aa
1984 )During weathering and sediment transpor:t
fractionated from their source rocks due to
transport or retention of r esitsyt amt tnmien drsalts

composition of sedime@Carpehbtéewveetoat he p@ao
201 3; Bayon eoralover20h6)yven zirconbs except.i
the Hf i1Isotopes released into weathering sol
the bulkanodksFlierdt et al., 2002; indahudac
zircon on the Hf isotopic signature in weath
Afzircofvaenhf det &l i erAddietti amnal | 200t7he process
contributes more radiogenic Hf to river wate
di ssolu+i1och of newnal phases, such as apatite
Hf i1 sotopéBagooupepktiay., 2006; GCGodfrey et al
1.5 Outline

This thesis is divided into three main chap
results and discussion. All <chapters are pre

which chapter 3 has already beeom poweblsiusbhme d,t e

to ar ewieewed journal

Chapter 1 provides an introduction to rare
neodymi um ( Nd) and hafnium (Hf) Il sotopes i |
sedi ment. This chapter sets the foutnldatt i on f

govern the fluxes of trace elements (TEs) ar
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the Amazon continent al mar gi ns. It outlines

exploring these dynamics.

Chapter 2 details the chemical met hodol ogi e
Hf 1 sotopes in samples collected from Amazon
Chapter 3 del ves i nt o t he di stributions 0 1
concentrations across the salinity gradient
assumptions, we demonstrate that the obser ve
it opi c variability are not primarily due to

they reflect the admixture of the nearby Pa
high dissolved NdThnd EhapbbDace hna stahbee ejnc uprunbal |
Nature Commutations, authored by Antao Xu,
Frank und@vernlheoked lreiiverine contributions o
hafnium to the Amazon estuary and0203ceans (
3992p.

Decl aration: The contributions to this arti

and Ed Hathorne designed and coordinated tHh

conducted the sampling. Antao Xu carried out
Hat horne and Georgi Laukert. Antao Xu wrote
to the final wversion.

Chapter 4 presents data on Nd and Hf isotop
and Hf in surface coast al seawater of f t he
sedi ment porewater. This study reveals that
sawater is attributed to poMawatxgrhydiroxh arege
their interactions with seawater. Estimati o

mangrove systems significantly comltanmade t C

to be subwmietviteaved peerAmalaoa uwXtuhorkdd Hoayt hor ne

Seidel, Nils E. Asp, Te Liu, Andruenad ekKro stchhei n s
ti Maemgrove systems incubate a | arge dissolyv
from continent al margins to the oceans.
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claration: The contributions to this artic«
Hat horne, Andr ea Ko sdceehsiimgsnkyd amd Tchooorr sdti enma t
rtin Frank, Ed Hathorne, Michael Seidel an
carried out the analytical work with guid
e predictions ofpetdhevi ftlhuXac dan e sanand | vl

wrote the manuscript. All oomoauthors contr

apter 5 examines the Nd isotopebodbmpmsi tic
ter on the Amazon shelf together with por
e results suggest that t MM odixyshgldudoixamrdesf
eir interactions with seawatebofctoamrw®dtud re.
e study wunderscores -sttlaavat mporntnhdarecacovfiomnse,
rough the <cycling of Fe and MnHf ,i nancddont r
tentially other TEs on the Amazon shelf. T
ochimica et Cosmochimica Acta by the autho
phie Paul, Chen Ling, Andr ea tkbaesbcshiamskyalan
undary inputs of di ssolved neodymium and
el f

claration: The contributions to this artic
Hat hor ne, FI ori an Sdcehsoil gzn eadn da nAdh da cecar dKiorsacth
rti nEFrrdatamBopbki eoRdutted the sampling. An
e analytical work with guidance from Ed Ha

authors contributed to the final ver si on.
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Chapter2. Study site, materials and methods

2. Study area,materials and methods

2.1 Study area

The focus of this study is the geochemical C
Amazon estuary, Amazonian mangrove belt, Ama
supplies aibodt'nPy@gp ©6. 5he gl obal freshwater
(Dai and Tr.enbletBRar 20 BR2Yyer, | ocated south
worl doés fifth | argest rivermidirtershavmtaennu ol !
At | a(nPtriecst es .efThal Ama2020pl ume, formed by t hi
di scharge and oceanic waters in the Amazon e
along the north Brazilian coast ,-1@ometrhingk mo

and 80 to wiwer 2006 idvahetr bhagebLi mAbut her s amme
time, the Amazon River 'di %ocfh asregdeismeunpt ttoo 6t.h%
(Martinez ,etwhalc.h, co0O®)sponds to 4.9% to 5.
sedi ment di scharge to the ocean considering
d

i schargetfgoMrQaver demOet al ., 2017)

The Amazon River is mainly c¢classified as a w
the total discharge consists of whitewaters
than 90% of the sedi méWi stmangi eatal from0OtLfde
2015)Thus, suspended sediments delivered by
primary silicate minerals (e.g., mi c a, qguar
coupl ed -dweirtihvegloicll ay minerals from Andes an
chorite anfdGi bmsct HI9BIW )sedi ment ati &6)n ame es (
observed on thkuehmazein Alhend 1L¥B6NM substanti
continental detriitgt a)) ( Kaethelr ieatfl &I16L &8r § @ 8180)mo u n
organic mater-8a6 '®ys'y@rugcehniacs Barzbon is export

eading to a substantial (Dryafgi'Ho Riachey etk se
al ., 13%n20@andctislc hMen diegma c060; &OIn. t h20 A3 zon s
a highly dynamic hydrology is results from -

range (>3 m, with strongesats twedall -acsue srfernonsg
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curre8o0s dpLandel a et al ., .1992; sGependetd ale
within the freshwater plume are thus mainly
Brazil (Ruehkenet al ., 1986Gi Warn ttrivpas eirntednsad .s
and currents, the sedi ments on the shelf f
transported to other areas. A maxi mum r ewor

shall ow water(Keephlhsetfeasltbt mh986 ) s strong i
sedi mdnstrebuti oboandmpeeawater mixing on th

The study in chapter 4 was conducted in the
Estuary and the North Brazi/l c onteisnteunatrayl. s h
Furo do Meio is a 4.5 km long cr%aebk tdrnmairni nc
et al. 2001). The creek receives no upstrean
reaching between 3300 mm/year during the we't
amounts during the dry seasonO0Q Sghpet enrebaerrb yt o

Caet® River ¢dsicAadmetgeasl ~5D0m8). The catchmen
comprises &boot WROOMKkeRr § 10@v &krme(dDibtyt maarn g r ¢
and Lara,Framlmaghnity zones, the Caet ® Ri Ve

Al ong the Amazon continental shel f, the worl
km) flourishes (Dittmar et al . 2006) . It ha:
particulate and dissolved oamgdanCelal oaargh owni t (hP
substanti al amounts of TEs a(PiexmarteddfLa
2001; Dittmar et al ., 2006 ; Cal | et al ., 20
Carval ho et al ., 2021; Hol lister et al ., 202

28



Chapter2. Study site, materials and methods
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Fig. 2. 1 Map of the study area showing sampling sites.

Surface Wwatéom weaarer, surface sedi ment and
circles, bl asRuarrexs| asd gygeekkow squares, re
generated by Ocean Data View (https://odv. aw

2.2 Materials

Surface water samples along the ematitreem sal i

seawat er, sur face stehdei mPermatz oann dRi pvoerre weastteura riyn
estuary and nearby regionsFiogf.) tahel eBraalill @ atn
during RV Meteor cruise M147 (29 April to 2C
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of the international GEOTRACES program). Sea
a t owesdh or a-TE€mp d wDeetpitvhe t(yCTD) r oseNitsekiemui pp
bottles. Witdhtthkre towrefdace water sameftes wer
depth and the bottles of the CTD rosette wer
the surface to sample the uppermost freshwa:
transfer roldeannetdo 2a0c ild pl ast i ¢ couubgihcenc.o4nSt ai n e
Nucl eopore filters within a few hours after
board to pH ~2 wusing concentrated ultrapure
for further treatment in the falceanmwantreomilnalh &
River estuary were collected during the dry
were sampl ed wit hrian sheud ktewi c eh alt e fwoarse pwiet h t h
during high and | ow tirdendetOWd éan Oich®@ b27t It 09¢

cycles from neap to spring tide. For porewa
was dug in the sediment and five I|liters of
initial two filliaegs O©hesbdesampluens| wei @ gf wlat
sur fdateeentcel | ul ose acetate (SFCA) syringe
ul trapuwatroe rHlNaOch a fi nal concentration of 1%

Suspended particulate matter (SPM) sampl es
settled particulate materi al in the 20 L CTI
samples. Thus the finegn Nfurcd etoip@mert & tibdeiterme ¢ ¢
anal yzed, which accounted for 3.1 N 1.0% (1
calcul ated based on the filter weights and
rinsed into smaller acid cleaned cobyainers
siphoning after the SPM had visually settle
mul tiple corer (MUC) was deployed at sever al
The MUCs were processed in a cooltidiabdbvalt. 4~
The bottom water overlying the sediment with
water, was fil terled nkidr escytemynpeel iwh a ehb pOn &2t e ( F
cellulose acetate (CA) fiil2dad d S3e5d0i Omernpns fwoerr
mi n i n -fniiltlreodg eqdl ove bags to separate the po@

porewaters were filtemed@diilbnerhandl acedbageduw
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distilled HCI . Mor e det ail s about sedi ment s
Spi egel et al . (2021) and Vosteen et al. (20
2.3Methods

2.3.1Chemical procedures for water samples

For Hf i sotope measurement s, every 20 L s amyg
HF %,4 OMer ¢ k F)S ubperfaopruerela dFdss @illg uBRiMN n{(g Fe/ mL) . Af
48 h, ammoni a solut[‘?)onNa(SZEa%,deMertcokiSlu:preeapsLert
2 to about -pt.e&+®P.idate tbe trace el ements w
supernatant was syphoned off and tHeahme@OH p
50 mL centrifuge madewi tamddeil mrsiede dchm)aeteernt i ( M
to remove most of major seawater iPons. The
M HCI and 1 M HF and thennweral srandfewvapadr
dryness. The samples were t hemno tdreesatreody wirtgha n
matter and were then evapor at edditsos odrvyende sisn a
mL 6 M HCI t of darrmns$ielri cao oCd|l formed i n mc
intermedi ate salinities, whiwompl(eStaivcehnegle se ta bao
2012aPhe silica gel was separated by centrif
di ssolved in 2 M HF adi sl ved dirn eadd M ohv@l atn
with the sample solution. Il n order td remove
three ti md e awaetdhydpg rSettihcehrel ,etanad .t,h e2n0 1d2rai)ed d
di ssolved in 1 M HCI/0.05 M HF Tlad®d )et REHE& i r st
REYMWNnd Hf were separated from matrix el ement .
chromat oghim@Wg, (AG4i4@IlOM) 2f0dl | owi n®t aclselh e me
(2012a) . Nd was further separated from the
Ei chfLN&pec resiih0gnmd mb)| | ®&wi ng a procedure of
(19@2pl). 2TRe Hfp uwraisf ifad tthyerel ut-RadgEXG and Z1
X8 resinid@mmLf oRDOwi nd 20OMmere. eF-i3alal | y, t he
and Hf cuts weele qturaerattze dd awsittibll DIERAO3MN Wt . %,
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Merck ShWptapdestroy residual resin and orgar
0.3 MsaHhNIO 0. 5/ M. HNM® HF f or i sotope measur emert

2.3.2Fei Mn oxyhydroxide extraction and alkaline fusion

Approximately 0.2 to 1 g of particle sampl e
solution consisting of 0.005 M hydroxyl amine
EDTA ( seotdniyuilnenedi ami netetraacetate) solutior
(edium hydroxide) fHuand@ ei hat eskPO0OBL} owgngh
FeMn oxyhydroxide fraction. Totfaok\dpfoced@n al
and are hence negligible. The reproducibilit
reference nrRat(enr=33)l. MEhWSS samples were then tr
solution consisting of O0.05 MabydrfoOox9BamM MNa
EDTA solution buffered to pH 4 with iINaOH ove
Mn oxyhydroxides, folGaowjabgrtbhelmetho808PpMdy
term ilMnbiolxee hyedr oxi de p ks e yahrydl rforxe gdied ypala s

to the first and | ast fractions extracted |
respectively. The remainiagasedi mamb asnhdmp | € s
silt orrmpahdac¢ti @ns foll owing t(R&®&.2mBb holdi of
study, the term fisilto fraction smpecBdtlally
clay and silt parts were dried and homogeni z
al(2009&8p monitor the accuracy and reproduci
fusion techniqgues, reference materials witdt

sedi men®2 MESGSrepeat surface sampl2s,andSGS r
AGY2 wer sspsikoe¢ eTghl e 2.5

Table2.1AG50X8 (200 Om, 1.4 mL resin) column che
Stichel, 2010)

vol ume reagent st age

2* 1 ml MQ change th
10 mL 6M HCI /1M H precl ean
0.5 mL IM HCI /0. 051 precl ean
1mL IM HCI / 0. 051 precondi ti
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2mL IM HCI /0. 05M l oad and ¢
2mL IM HCI / 0. 051 coll ect
SmL 3M HCI elute F
2* 1 ml MQ change th
8mL 2M HNO elute B
5mL 6M HNO coll ect
10 mL 6M HNOO. 5M H c ean
2* 2 ml MQ Pass/ stoc
Table2.2L NSpec r éd9ion Om 0 2 mL resin) column chem
Pin and Zal duegui , 1997) .
vol ume reagent st age
8 mL 6 M HCI cl ean
0.5 mL 0.1M HCI prccondi ti
1 mL 0.1M HCI prececondi ti
0.5 mL 0.1M HCI (s load the ¢
0.5 mL 0.1M HCI Wash and ¢
8 mL 0.25M HCI el ute LRE
6 mL 0.25M HCI coll ect
8 mL 6 M HCI cl ean
1 mL 0. 3M HCI pass
1 mL 0. 3M HCI st ore
Tabl 2A@1X8 (20 Om, 2 mL resin) column chemis
et al ., 2002).
vol ume reagent st age
10 mL 1M HCI/ 1mM cl ean
2+2+2 m MQ change th
2+2 mL 0O.5M HCI / O. precondi ti
2.5 mL O. HMI /0. 5M HF |l oad the
10 mL 3.6M acetiskl® Wash_Ti, r
H202 ti mes
3 mL O9M acetic e ut® H
5 mL 6M HCI /0. 06 coll ect
10 mL 6 M HNO. 2 MHEG:1 cl ean
2+2+2 1 MQ pass/ rese
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Tabl £A®@1X8 (200 Om, 1.6 mL resin) column chem
2006)

vol ume reagent st age
8 mL 9M HCI / 1M cl ean
2+2+2 m MQ change th
8 mL 0. 1M HF prccondi ti
2 mL 0.1M HF (sa |l oad the
4 mL 0. 1M HED2 % edd ute Fe,
3 mL 1M HF/ 0022 % Elute Zr
3 mL MQ was h
6 mL 6 M HCI col | édct
8 mL 9M HCI / 1M Clean, el
2+2+2 1 MQ pass/ rese

2.3.3Nd and Hf isotope measurements

TheNd/Nd ratios were measul @@S omt aGBRN@MAR naen P
were corrected for 'iNuddd umedt afNat&dds dbias t
1.141876 following the @p0.0 2Tfidat/Naf r\aa n coes aonfd
al | samples were nor mal i zk ds ttan darad kwittimga a
0.512Tahaka et TaHef/Hf20®a)ios of the samples
Neptune -IPCRMS MCere corrected fAdMfIHfst=r ument
0. 7325 applying an exponenti al mass fraction

within uncertainty of ( Newalclcept e@Hes atl dd®DI8 )

procedur al | aboratory blanks for water sampl
and24 pg for Hf compari2d no 6 HRuddp |l nagn d(i H2fe)s fod
i sotope measurements. The secondareyf egteanrcckar d

materi-All WODe run with the water sarm@ples anc
and BHVWer e run wi t h particl e sampl es t o
reproducibility of the pr ofcaebd ger. e Fidoorpleld i is®ad t
measurement, an internal | aboratorfy anhdndar d
USGS referenchkRl maceree i mé¢adNODe for monitoring

The external reproducibility of the Nd and H
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determined using standard solutions with cor
samples in the Abamdged sof( 2622.00&n0di t0s 452SD) ,
respectivel yjo.whiuhetist (®89)0f D8 measurement s
The 2SD of the secondary standard NIST 3135a
reproduci bi IUisa y@lliriom alelasfuir @ drTehse SaDrrde faerree nscheo w n
mat eNOBAMIL, MESBSHVQand AGV are r &pandradetoget h
calcul ated i)t R&ddedquaespensi el y:

R 77 p pTm21)
7
R - p pm(22)

wher é*Noitted W& /Hf ratios of CHUR (Chondritiec
0. 51260&R& obsen and \Wansds e® b8V 8 HleOr80 %t al .,

respectivel y.
2.3.4Nd and Hf concentration analyses

For Nd and Hf concentration measurements of
to 1 L (high salinity weamplacd)di watear ws 4 hp I0Oe
ul trapur e%2 MeHFc k(EX0ulpe fagpruea s pwiekiigriht® diwiatnid pr e

189f spikes. The sampl es vwearee i pridcdn oment ramtde d
a AB0WS8 column foll ovwiarhd ft tea (Tsadbhl epnfe2 Odafe )

chemical procedures for Nd and Hf concentrat
i sotopes, except for one step, as no silica
were di ssol vfeadr ifnurOt.hle rM pl—l'fFfl—)KSirceastiirmn'(letB nigplL A
400m)e to elute Ti, Zr and tumbsgdoenetWalif ol(l2c
(Tabl). 2ThHe i sotope dilution measurements of
IS dtANd andHfiMé ratios were carri-e@M®».ut on a
External reproducibility (relative standard

and better than 1.2% for Hf according to rep

sample (n = 5)
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2.3.5REE concentration analyses

Al REY -wemeemtrreated offline usi ng a SeaFA
El ement al Scienti fic) fhodtlhowimeg eat Uhseitnhgo(dl2 Budpx
new system, 12 mL of acidified water sampl es

syringe pump and after the matrix was washe
1. 5M sHNBefoo@acpnérati on, every bl ank, refer e
(pH~2) was slpiokfe d hwiltihu ni'®s otlou tmoonni t(olr0O ynige lgd s
typically(B9198DBef=08®%) .analysis on -BMSTher mo
coupled with a CETAC fAAridus 20 desolvating
200ulL of 30o0h®aHNOWRe BB mg gnternal standard
and to account for any =s<amgleaatewvabaponatiThe <
desalting nebulizer increases sensitivity anc
monitored with el ement solutions of bari um
samarium (Sm) + europium (Eu) + gadolinium
anadgltisession. Oxide format(inGB,widsrigmer <l |
0.05 N(mM=30,1%0rlSdD), < (0n =034, RNoolL PaEth4INK 0. 04 N
0. 1@8m=3, fNorlStbhe MREY. Certified natur al riv
md erials (6lR@GdSIOREAMNId GEOTRACEDrant en s amj
BATS 15 m andn2000Fm wedecpneahtra®d?2l)i ke t I
and measured to monitor external reproduci bi
the reference materialTameas 2r.eémebREE/ 2aR®EE ,gi
MREE/ MREaEt i 0s, Ce anonsal yan(oGia/l e d GEY Gdno mal
(EuhDEmare definag3ll)2dyese)@6 nt @ands(n(espectivel y:

( 2 %2 %%———(23 )

- 2 %% 2 %%

(24)

# kA ——(25)

KA — (26)

% @O —— 27)
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2.4 Quality control

Tabl®Nd2.and Hf isotope measurements of stand:

St andard ar
mat eri a

NI ST 313 3.7 N 0.

Ga( me an, Gi¢( mean,

l norganic < Seawat
CGHF1 23.1 N 1'measur
USGS Mab 9.4 N O 224 N 0. €
NI'ST 313 3.8 N 0
l norganic &
CGHE 1 23.0 N 0. FoMn
USGS Mab 9.H.R1, 222 N 0.230xyhyd
. . measur
ME S-3 9.9 N 0. 2.2 N O
Repeat se¢ -7.2 N 0. 63 N 0
NI ST 313 3.7 N 0.
l norgani c -
CGHE 1 23.0 N o0
USGS &GV 3. 10 N18, 6. 7 N 0.1
USGS BRVC 6.8 N 0.1 11.3 N 0.
ME S- 13.9 N o 6.7 N o. Resid
N N sedi m
MES3% (sil -15.3 N O -16.6 N O measur
MES8 (bul -14 N 0.0 -12.4 N O
Repeat s -11.®. N7, 2.4 N O.
Repeat sar -10.5 N 0 -19.0 N 0
Repeat sanm -10.7 0 -18.3 N 0

USGS B-BIVC 6. 7 5 11.1 fh=111 datab

N
USGS #GV 2 9 N 0.€ 67 N 0.7 geoRe
N 0.
S

Not@sanWof bulk residue is calculated based c
the clay and silt component s. Reported dat
(Jochum et al ., 2005)
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ur e nmeenftesr eonfc e

materi al s.

d

El eme BATS 15m BATS 2000m
pmol! Measured Report Measur e Report
La 14 . 3@. e 14.74 N 23.38 N 23.61 K
3. 2% 7.5%. 2. 4% 5. 9%
e 1.73 N 12.02 N 584 N 512 K
5. 9% 11. 4% 5. 9% 22. 2%
305 N 312 N 396 KN -
o 4. 5% 5. 9% 2. 49 03 N O
g 4.08 N 14.1@. &z 16.73 N 17.33 K
2. 3% 4. 4% 2. 8% 3. 5%
325 N 321 N 333 KN -
sm 4. 0% 5. 6% 3. 79 > 4> N O
0090 K 089 N 090 K -
= 3. 7% 5. 9% 3.69 *°91 N O
492 N 483 N 4 7D.R4 -
G 4. 8% 5. 7% 5.19 +84 N O
0081 N 079 N 073 KN -
b 5. 3% 5. 2% 4.19 %79 N0
593 N 590 N 524 K -
Dy 7.8% 4. 4% 4. 69 >80 N O
y 131. 19 142.03
4.45, 3 ) 5.57, 3
155 N 1 4®.07 144 K -
Ho 520 4,50 3 g9 152 N0
494 N 480 N 477 KN -
= 5. 7% 4. 4% 3.89 >°04 N O
438 N 416 N 470 KN -
Yb 5. 50 6. 2 0% 2 6 476 N O
0070 K 067 N 0 8m.M2 -
Lu 6. 1% 6.8 % 2.69% 81 N O
Note. AIlI values refer to means N standard
(RSD, %) . Reported dcaalai borfa tGEOT RA2CHERSI & sn t BBAT S

m ar evdm odre

Flierdt et al (2012)
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Tabl BREmeasur e meenftesr eonfc e mat eri al s.

El e me SL E V8 SLR$ (diluted
pmoll! Measured Reporte M(ena_53u6r\ Report
— J
La 56 .24 N 15.80 N 3 35'4802%N 35'473%'\'
~ 53. 96 N 4 .26 N 41.78 N
Ce 52. 05 N 2 11 5% 3 79 5 2 0
- ~ 8. 05 N 8. 39 N
Pr 17.512 N 012.14 N O 5 2o 3 20
~ ~ 31.66 N 31.59 N
Nd 50. 03 N 25.37 N 5 > 7 4 1%
~ ~ 5. 32 N 5. 25 N
Sm 48 . 0B. N9, 46.49 N 2 3. 6% 4 30
. - 0. 94 N 0096 N
Eu 3. 79 N 0.3 95 N 1. 5 49 4 8%
. - 4. 15 N 4. 02 N
Gd 9. 48 N 019.59 N 1 5.0 % 7. 9%
Tb 272 N 0.2 83.88, 0'55230;') 0'651602
- 20. 62 N 2.88 N 2.70 N
Dy 9. 01 N O 11. 3% 4 8% 5. 0 %
v 453.36 N 439.79 N 27.90 N
4. 1% 10. 7% 4. 4% )
Ho 524 N 0.552 N 0. 0';3150;" 0'752002
~ 6. 26 N 1. 58 N 1. 48 N
Er 5. 90 N O 13. 2% 4. 9% 5. 6%
~ 11.85 N 1. 45 N 1. 29 N
Yb 10.83 N 0 26 . 3% 5. 8% 6. 3%
Lu .74 N 0.189 N 0. 0‘536(;') 0'1222 ON%
No t A&l | val ues refer t o means N standard devi
(RSD, %) . Reported val u¥samd-6SzR& afeemem cmat er

and KambanYdg ®MiOc’hey an etesale.ct(i2zvil Yy).
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Abstract

The Amazon River accounts for 20% of global freshwater runoff and supplies vital trace
metals to the Atlantic Ocean. Suspended particles within its plume are thought to partially
dissolve, constituting a large potential source of metals, which is, however, not well
constrained. Here we used combined neodymium (Nd) and hafnium (Hf) isotopes to
disprove the release of Nd and Hf from particles as the cause of the observed dissolved
concentratia increases and isotopic variability across the plume. Instead, the changes
reflect admixture of nearby ParaRiver freshwater with exceptionally high dissolved Nd
and Hf concentrations contributingi480% of the riverine fraction to the southern and
outerestuary. This result led us to develop an empirical relationship between riverine Nd
concentration and pH to revise the global dissolved riverine Nd flux, which accordingly is
at least three times higher than commonly used estimates. Future work stooslario

contributions of lowpH rivers to global metal fluxes
3.1. Introduction

Vast amounts of nutrients, dissolved organic
the Atlantic Ocean vVvia the mMimazonmnutestmar yi,e
(Rijkenber@andat emhanc20g4producti viFgstwetrt hin
et al ., 2007; .Welbrert ea Aatll.antd2@16Qcean, t he:
di azotrophs and phytoplankton to floaurish an
(Cool ey et al ., 2007 ; TShuweb rfaancatnoirasm ceotn talo.l,l i 2
contents of the plume are thus <cruci al to c
(Martin and Whitfield, 1983 pstGohdehei praods
removal af&hadédiowvi oz)aend atthe €exXc7/lBgnge bet wee
di ssol ve(dL apchaans ean d Je ddecdseli,t e2at) high di s s

concentrations of trace elements and the | a
Amazon Rivemyd~(6Dasil 1@&dnd Tr.endbleathm, cROOQEs o
strengt h, temperatur e, and pH of the estuar
(Fe) , manganese ( Mn) , n)e cod ybrei une nmoNde)d drr ohm fsr

a |l arge extehnhhdgebdd»Wroapal sal on) padt pckeespan

42



Chapter3. Overlooked riverine contributions of dissolved neodymium and hafnium to the Amazon estuary and oceans
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c ha
t he
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di s
di f
add
wh o

mio f

| oi dsBdWIP&LCsgt al ., 197 7t;h eGleebdyh irleld uecti nagl .t,
se metals to the Atl antic Ocean. However,
ticle dissolution within the Amazon fresh
s of rare eartrh ellememtts( Rmws H @ &keed gyt aod h.e,
i ncompl ete understanding of these proce

xes from the Amazon estuary to the Atl ant

i ogenic Nd and Hf i s othespnilds croensppoescittiivoen sy,
hods¢gngsirtei ve tracers of the (&riagkn aneé2m
c hel et al ., 2 CeIn2aab;l eIt ibcyh efli neggteragplr.i nt2 P2
rce contributions with dicsothisreatv aits ovteo phied &
seawater resulting iTIn0O 00k eyandids DBrsdy e2In®Be |
pec¢fTacbl kawa et al ., 200 3; Firdaus et al
: 20009, Remp fWhri | et Ndl .i,so20pEs weat her I

topes are strongly affect(eechnbylei rrddregrduer
7 ; Ri c k lain de tt hauls. ,haz®e09Wi dely been used to
i mes of continental weatheri(Ggtamadhr!| @ec¢alal
4; Rickli et al..Te20lfUoa r@iareppmpareéeétnal t
water mixipragtarcd eseawatrarcti ons in estuar |
ferent catchments, ambient seawater and

topic finger@pPRowms se aRoaste sleldu,sedd wIe)d and p
concentratlhiaengné{ dNdé¢}y wodpaveiscligat at sea

cesses in the Amazon estuary and obseryv
ompani ed (btyo al esshsi frtadiinogeni c values at mi
nges |l ed them to conclude that the dissol
river plume and that particle dissolutioa
bal nema Nd buddgdte,ctp omgs iokklhyer el ements as
solution iMool odxghyboohki dlee abhed silicate pl
ferent isotopic signatures that were not
itionalNd spamd edf fwere not <considered, S

se di ssolhwseédgnfaNdilr esndvere unknown®lbut whi

freshwater annual(lPy eisntes .tehe aAmagz &m0 29t 1
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To investigate the contributions of al |l pot
Ocean, we report the i1isotopic compositions a
partiNduland the concentrations of dissolved |
and Hf ([Hf]) in surface waters along the e
including the Pag®g . RiSaenpl esgt fwleoiMa@b t2®ilBed i
during RV Meteor cCruise M147, whlchlof waése ol
international GEOTRWEREiisgrgmpartaim.es Threeveal S
di ssol ved Nd andahf§ iRaptetre obuber WABmRAz bdar est
reaching i mphgioédaiomarioe NdHdeand Hf budgets

t hose of ot her trace el ement s

Surface salinity (psu)

40

azon transect

on transect L 1o

o — -
Wtransecl
. @ :
e *\79

! /‘ i s

/]
e

L

* SPM station
38 Surface water station

6.6x10" m" yr'
: O Rousseau etal., 2015

BOPS e — — &
BOSW  TOW  60SW  S0CW  40°W  30°W 5400 5000 500w 480w 469 440w

Fig. 3.1 Map of the study area showing sampling sites.

aLocation of study area onb$SampINiomd hs iBreasil

Amazon estuary. St ar susrpeeprrdeesde n p a rsttiact u loantse w
sampling. The three transects across the Amas
by differently colored circles and dashed r
stations of( Rbouusssseeaauu. eefthad l.me a20 Bmnhual freshw

of the Amazon River @200ParZ0RO0OMap wae tndat
Ocean Dahtat pvd :e/w/)(S8ehbiwvt.zee/ 2020)
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3.2Results and discussion
3.2.1Variability of estuarine REY and Hf concentrations

Di ssolved [ Nd] and [Hf] of the Par®BanrRl ver en
13. 4 p'mote&kgectively, and are thiuasnsdipgai3ica

pmollokg the Amazon Ri ver freshwater endme ml

concentrations are |likely a result of the o0\
(Amazon Ri v(eSchnee.i8de?r.a3e)d / ad . f edi2r2g by tri bu
mangrove forests, which is consistent with
mangrove f{deef€tramnébas et al ., 2021; Holl i st e
Il n addition, parent rock characteristics an:
el evated REY concentrations in the waters ex

Amazon (Basirmux .dhealdi ssa00e)d [ Nd] of Amazon
i n Awaryi 12018 agrees wel579wiptnho etpheegtveadl uf eosr 0Afu ¢
1994dSBhol kovhbatz,i 49998bhstantiall yfooweri hhApr il
20Q&Rousseau ccdc e tyimAgl 5adni xi ng regi me i n th
significant interannual variability, which n
fl ood@Blaairmux .et al ., 2006)

The Amazon River and Par8 River freshwaters
enri chment patterns-Aaftthemrnndumalriatdanpb&®&hbdeCF

and McLennan, 1985b; El derfield et (Rilg., 1990
32a&) . The REY patterns evolve towards | ight
(HREY) enrichment signatures with increasing

with pronounced ceri usmal(iCei)t mnzjobdediel@Sa lien>dt 2adn
Gr eavesf,oll98ni3ncga llea rrgeemo v a | of dd alsion ivteyd ZRdEnre
(Fi B8 e) .

Al ong the salinity gradient of alll three trae
in twmalliowty zone (Sal < 6) due -tbhatbe mbdi f
nanoparticles and coll oids (NPQd)atbgn samaava
precipitadadarome cBP@d e eet al . , 1977; Hoyl e et
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17adhe maxi mum r emoval of 90.8% and 95. 0%
obsé¢éhreedt H nAmazon and ParRi gi2Agpmbesé s, re
ervations demonstr dtEé dehdt eHO, iess i md mM@av eld

s efficiently than Nd during estuarine mi

o
o ® T »w O

—
© 0 o9 O S u u
(@]

content of river waterandss-aomplkexdtfiecmn
esses, the proportiiomn hiffglnde rifn etl de ed o lall
hence more Nd than Hf is removed by coa
rease in removal efficiency filSbml|l kREY ttzq

3,. 1P®WI59 is supported by recent data from

~N © @ S

% of t he dissolved riverine Nd biust rle notvl eed
O estuarine removal of H f has been obser
d [ HTFRahddt aet bBh. ft h@eOBMuUdson River estuary

nities bet ween 5 and 15 has been obseryv

@ >

roundwater advection or (6&bdaseyfebomaltesug
xamine whether coagulation and removal of N
r Nd and Hf atdod istiagoinniitny tzhceneniadccur s after i

O o 0 e »uw 9 o U +»r 9o O T
=
-

onservative mixingFI g)iea s( ocrad ecru | cha sehde b elt iwee
samples corresponding to the point of ma x i m
endmember s. I nterestingly, in the south Amaz
[ Hf ] compared to their ssé&ooinedsat8obn sa&i®dy alt0i ve
respectively (statistical si g-he#&tipadn)e P<0. C
with a significant incdré8asenbh diogdilmemtdomg26
contribution of a third endmember other t han
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north Amazon transect
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3.2.20a n di ditributions across the Amazon plume

The di ddseonlsseidgnatures of Amaz®d.nd R ve.r2 fared hwk
0.9, respectivel vy, while those of Par 8 Ri ve
reacidng N -40..12 Nan0d. 6, respectively. These Pe
associ ahtigghewi tchontri butions from weathering
rock and suspended Unsirgnalus apreedamiL®an ISP M) a
24 Merschel et al., 2017b; HeppAkwmefet hal .,

Amazon River endmember in our study agrees

9.2 (NSthordal and ,Va.s>S eNPhOerfyy,r als9 86n)d awads ser bur
8.8 NROuLseau.effiheal ye®20dB)the resi dual Amaz
removaiMnofoxfFaydroxides throughl.[&alWh@n@3 @r
standar d drevGpmdn omed SD@.pngheés|l ess -T@d7 ogeni
(Rousseau ocfl0O&Bleyrs2géb) ebtained2Da7bpul k SPI
from a si miB®Yr. dec tcibamti rdansatt ,u ridee @fx ythiye rfoexi d e
phase of SPM that would most I|ikely dissolve
Amazon t8&.ahsfkeacalaAN~0.2) (opieddipradesglbagbs!| yn
radi ogenic and sW®i gantuoet boé dAmasohvdver v
are also interlmedgmaeubes wake rt)h meSa Maflyed 5 a( (
suggesti nigUnt hoaty htylde ofxe de fracti oMmmazo8&PMs s
transect mainly reflects the isotopic signa
Andean t(rMerusgahrdlesetTheeli .g,na2 Grebdoxfy hFyedr oxi de's
the Par §-110r &n e @t. 2i § opking4gr emerrd o hwasr d £ sisn r a

than those of the north Amazon transect.

Fi gB83sechows the (mobititni arheofdi ssolved phase a
estuary surface sal i ntistayl ignriatdyi eznotn.e T(hSrad u g h0o-u
Amazon and PFPaaB8dédvahonesctase close to the con:
although | arge amounts of di ssolved Nd and
supporting t he efficient removal of di ssol
fractionation of whereadiogéhiédc 64 0. p @acs wigh
| bhe-tro dsiaghgi oy o€ the south Amazon transec

48



Chapter3. Overlooked riverine contributions of dissolved neodymium and hafnium to the Amazon estuary and oceans

[ Nd] and [Hf] occur, wbamnhissergwmen t-au¥geiksatiwal 2de
an®.3 N 1.0, respectively. CoRs$e®evAtopen mi x
Atl antic waters alone is insufficient to ex|
estuary, |l et al one the i mscarleiansiet yo fr edyii onal vier
studi es, t his shift was attri bupenddedo r
par t(iSchlodskovit z, 1993; MRwaus sceuau deatt aals.u,ppd0 1°

explanati on.

8 north Amazon transect (a) & —I north Amazon transect (b) 4
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Fig.3.3Nd and Hf i s ot onainglnd oconcentrationtdistobations U

along the salinity gradients of the threeestuarine transects.

Di stributions of dissolved concentrations al
the north Ama)z,bnt e amnmcswetcht c AA\mdaznodn tthrea @Psaerc8t t(r a

fy. The solid |Iines in each panel represent
the river water and seawater endmembers for
respectively. The dashed | ines abfoveectandhebel
uncertainties oftheaMiiee nedsnei nmoaet s .ovndslr rodr tther s c o
to the 2 standdiidn@eenauremenbdpé. t ike second
mi xing |line (green dashed I ine) for Nd and
to the maxi mum removal percentage and the se
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3.2.3Source of elevated dissolved [Nd] and [Hf] in the Amazon estuary

The most i mportant observation of our study
mid to high salinities accomplaarnnralbyes. shi
This pattern could either be due( Ronussdeaewmse
et al, ,orR0tlheg result of additions from other
phases of SPMnaroex yrhayidmloyxi lees t hat tend to d
the water and are sensi(tiderfoepd amd Sé&00Xk
Di ssolution of 0.5%~8. 0 %iMnn do x0y.h3y%~50.x1i % eo fp hta
particles from the Amazon and Par §, respect i
(0. 1%~1.1% and O0.1%~0. 9 %, respectively) cCoL
obessr ved 26t pmd8b bhogdlowkyer, based on our meas
i sotope vabeaewat eheendmember mi xing combi nec
cannot account fois i d haf wdreysa dibseeanviead i n t he
Amazon tSuapnpsleecnte "8 rry Thig. i s al so supported
pattlkirg2sp (in the south Amazon transect acros
of the surface estuarine waters suggesting v
particle releaselt whnch!| swsobuéd REY patterns
depl &tuipeon e(me 832pr yToifgurt her constrain potent
sources, -bhoevem avmgleas recovered in the cont i
Amazon €stpwpdreyne (1B.a3 ywerieg. measurleadanTheir me
signaturlil. cofN ar.e2 (N 1SD, n=7) and 1.0 N 1
excluding bottom supply as a significant sou
thaanifrsi gnatures. Partsebhwatdessohtuerantpant i(
exchange processewi)l Imabye srtesltlr iocctceudr thoutt he L
freshwater plume on t-$vea cfoamn. nBadad cmet ie aa
admi xture of Par 8 River wateérandh[dh]hgda0B8Be
kdand 13. 4 prmeodpekegt i vel y)hoamihs i gmatdr @asiNEgen
0.2,1 N 0.6, FiRespdecttihelmo,st | ikely explanat|
signatures to highly unradiogenic values al o
water pl ume. This i s Sspppemeead3dbyy33a)i,H®XxX moc
showing that admixture of Raag8@diRhvehewaueerr
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Amazon estuat9.98~-Vv-aht3ds6,ofrespectively, whi
within error to the measured values, I ndi ca
required to explain the data. This possibili
data Par§tRiever were not avimah@iHi etr ERami nha
across the estuarine surface waters clearly

and Hf signals ofi hd)e. Amazon pl ume (

Tabl 8DiB3ssol ved Nd and Hf <concentrations ([ Nc
(N4%9) of the different endmembers.

Trl AN sa [ Nd G AN [ HE G0 VHPTHS

Amazc nor't

) 0. 501 9.4 0.51212.1. 0.282
Ri ve Amaz
PaRBv Pari:0. 103t -14. 0.51113.-4. 0.282
Atl ar 35. 25. -11. 0.512 0. -1. 0.282
seawa
LabiA nort -8. 3

M Ama z o) 0 0. 1 0.512 o 0 o)
oXyhy : -10. €

ide Par ! o 0 0.0:0.512 0 0 0

nort -11. €

Resi d Ama z 9 9 O.O:O'512 9 3 3
SPM paris 3 o l0.511 8 B 5

Note. Theunit of [Nd] and [Hf] ispmol kg™. T h e ofFeMn oxyhydroxide and residual
SPM are mean values in each transect, and their SD is calculated as the mean value over 5
and 2 samples in the north Amazon transect and the Paratransect, respectively.
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Fig. 3.4 Three-e nd me mb er mi xing plots np fr)dNtle and Hf
Amazon estuary.

Threrdmember mi xi nfiq(@) el abt@) o ncsahli cpwsl aotheed based
VNd'ANda ndHfi/Hfr ati os with corresponding Nd con
concentrations ([Hf]) and t Wéier op&Ini wiqtuiae £ sc

triangl es Unseipgreastenrt dih hefx ythlyad rbei de fracti on
resi dual suspended particulate matter (SPM)
respediic)vedingd distributions in the Himazon es
respectively, sshowi egtulei har gemoval of N d
represent conservative mixing between the f
dashed | ines above and below the cdrhreespond
esti mat ileanWxé nd member values. Error bars cor
devi at i Gumasnl@enie atshuer e ment s

A t Fernelenember mi xi ng model is applied to qua
to the Amazon plume from the Par8 River alo
efficient removal Phsaonddiessi sg ndact eusr ersat Tahlet eprr otple
three major dissolved Nd endmembers (Amazon
and Atl antic seaWwalhdée )Toarceo ntpoampei Itehde irnel at i v

i sotope signatures from the Amafzopr amdar tPiaa 8
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originating from the Par8 River (named Par §

water sample was <calcul Bt @8dc adatgid.nd ihep li ayned n

Amazon River estwuary (Sal < 20), the Amazon
estuarine wat el Oy asnldp WM\ adrdi edd Hf , respec
as indicated blsamdhiei grmaltiwrges.i cln contrast,

component exceeds thhatdoonf nathes Amheon s &t ope
estuarine waters in the southern anh@O06uter e
and 126%% of the riverine Nd dmdpgkewinampsasty r

overl ookeMdNdadids sHfl vceodnt ri buti ons from the Par

regional coast al circulation and satellite
Suppl emes36py yasiwell as high concentrations
cobalt, titanium, alumirfidemCazivima¢ hol ead)l i n
2022)Therefor e, the Par8 River i s an essenti

estuary and to the western Atlantic and t hus

budget of trace el ements of the western At a
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Fig.3.5Di stributions of naNg)@radvater febttions of the Rage s (U
River, the Amazon River and Atlantic seawater in the Amazon estuary.

Di stribi@orddn@pf in the estuary. cPamfdr Hier i
fracd)i odref(ined by equation (7) in Methods an
Par8 River water, Amazon River water and At |
represented as pie charts cFRalgcuurleast ewe rbey perqoud
using OceahtbData/ Yo8wh@awt.zee/ 2020)

3.2.4 Implications for global riverine dissolved Nd and Hf fluxes

Accurate oceanic budgets of Nd and Hf are ne
tracers of water mass sources and their mixi
changes in gl oblah blheamodercubaéaonon. Hf sour
precisely condtursai/ mped thRetlc & Incellewdeade ., 2010; |
2020) i ver(iBaey onm peutt sal ., 2006; Bayon et al .,
al ., aad2h)ydrotheGmdfreseyséeemal ., 1997; Bau a
The riverine flux of Hf to the oceans I s no
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seawater resulting in |Iimited data avail abi
estuari 06othi xepwget al ., .200&;r eRaolrlef, att ale.ma
to assess the iIimportance of riverine Hf fl
considerably more information availabl e on
estimated flguXNrdoTaehkibk hawdoOoet adl ., 2DO®BL; RE@ung
al . ,, 2810)2) rivers wit h8ganyNdsTtaicrhd tkeadvaf ledux a

200 3; Rempf er Heotwealer, 2O®®kl)above Nd source f
bal ance b otdhi s[tNdi]buatnidons in the global ocean,
of Nd i nput®g Yefsts-nlalt eld Tofyc hmokdaeMas et al ., 200
al ., 2009; Rempfer et Pals.s,i bd ®1 l1a;d dGnicileurdad | .N,d
submarine groufdwhdttemedseonhamngd nutridii gese @iOd
fl uxAsbott etndlrel 284bayi d Romparstsiealue.edi sad al,t
Howevtvd&re, average r ipwmeigiam®alo oNNd e$t 284i ne r emo
i n most( Tmaxddlkawa et al ., 2003; Johannesson
2009; Rempfer et alwer e20clall;cuGuatetd dlas,ed2 ®hO
bet ween [ Nd] and the concentrgtadnenofi €at a
estuaries,(  Goddpdectiinvealnyd Jacolbs en,ewlDdDF7 hilght
previously assumed [ Nd] observed in our stuc
reported for théRE€bhgoeRi meérse@d®@éajlyargest r
in terms of vol ume deNdtehaead g ed¢)x a mithieee @& rhprxo vod r

our understanding of the sources of Nd in th
We have compiled dissolved [ Nd] measur ements
with their di scharge and available -pH val uc

wei ghted mean di ssol wemkld, i Welr isntea n[ddd]d (€T r
Met hods) as a basis for further evaluati on

pH of rivers and the dissolved riverine [ Nd]

was attributed (Gobkosuéeionactiethnsbdobygen, 198
1990)Theisanveosg correlation “b@tew®eenPpPMH. &Ihd d
Fg.)6mas remarkeabl ekgliwemecondary contr ol o f

coll oi dal mater i(&ll denf idef chenelé nath ll Liws el a8 0 )t o
riverine dissolved [ Nd] based on the | arge
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(n=582) (BEMHEt amme, 201 andViGLr@dHlaltH md nn &t0 24l
2009) The prreesdunettigtigt ed mean di ssol vpohobki verin
kg(N 1SE,Fing®82)wh(ich is similawetghtbtd mbamr
river dissolved [Nd] estimated above, but m
pmokKkgdand @dm@&kgpreviously u(slealchiirkamadelts al .,
Johannesson and Burdige, 2007; Arsouze et al
Considering a gl oball “nfisyera il sodbhadr Sye7vadir i InFk3 .
18 Ndi gyrcalcul ated, which is (nearly) ident
that took the [Nd] of only 40 °gr N2aA}Y yrivers
(Gaill ardet et al Usi2@02; Ihaggeregl|l alba,l 2&2 bs
confirms the few previous estimates of the
data cover afgel d.y Tolwveernelt0 di ssol ved Nd f 1l ux
however, contircoilelnecdy boyf tthhee eefsft udir s edea rrggano v ¢
wei ghted mean maxi mum Nd (Ne®Eyah=p8)cent agec
from published dat a( s(ele2 Medtshueatrs gnlee dt rayn s mic x i
experi(memtss hel andah. ] ox@d7&d removal perce

Mi ssi ssippi River estwuary attributed to strc
organi c | i gands( Aadnedb acyaor beotn wa le.f ,ina 2 & tiNga)a t

removal i's closely related to dissolved orga
12 available estuarine =0.a5n2s,ecR<s0. A1)l i meetawe &

observBt @d®@mspreadiditssediagigteed mean maxi mum N
percenl &g BDIFSE, canl=2uUWllgt ed bas endeiorttelde mkiamnc
[ DOClJovefr 211 rivers froem=23allpar BEVHI athme¢ , ds
2017; Virrandt GROQRIaCH G2an)n )et( @y . , TROL 9D esul t
consi steptewiohsltyheused 70% r(eTeohil k aewep | eoty ea
200 3; Johannesson and Burdige, 2007; Arsouze
al ., . ThEY®E)f or e, t he rriewe rsiendeonhdh ddligdixssdldu.e5d c e a
I %0 Nd.This does not include any flux from r
on continental shel ves, but 1s stildl 3 to 5
i nput, and accounts for 17 to 27% of the gl o
(Tachi kawa et al., 2003; Rempfer et al., 201
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Fig. 3.6 Relationships between river pH and Nd concentration ([Nd]), and between
dissolved organic carbon concentration ([DOC]) and maximum Nd removal
percentage in estuaries.

aRel ationship between ri

Predictedvedighdecrar gnean [ Nd] based oncthe avalil
Rel ationship between [ DOC] and maxi mum Nd r
ri véRrsedi ct edvedigh¢ear gnean maxi mum Nd removal
the available global dataset (n=211). Some |
d) to show the i mpact of these highly weig
dschawegeght ed mean [ Nd] and. estuarine removal

ver pH and KKissol ve
d
C

The revised gl obal riverine dissolved Nd f
significantly under est i mabt.lezd®g0 Jamed rmeawxii smeudn r i
removal percentage of 74% should be i mpl emen

There maepystimitations related to the smal/l

and [ DOC]. Based on the existing dat a, river
of such data complicates constraining the r¢
Nd moesal percentage. I n addition, Nd removal

coll oi dal F e( Menrds cMne |lo xed tavdwsl)c. h, c2adnln7oat) be est i |
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here due to the | imited available data. The
and dry seasons are needed to better constr
our wunderstanding of the gl obal Ke bvoddget .
should focus owitthel owlgHoOodnd clieglBohb@Ch, hwi
trace el ement conc(editammn i eoénnsad |(dei.sgRlQd y)el,o vMne)s
remo(vMeelr schel et al ., 20a48%8aj mpoebawnod sbbualces
metal fluxes to the surface oceans.

Tabl2Codmpari son of optimized Nd parameters be

Previousl Revised

Wei ght ed me
1SE, 95%

[ Néblse¢vemo?t k 146, 28 997, 860, 3

[ Ngrled(cp amod) Kk o} 943, 1534, ¢

[ Re mooysaek Do) 70 85, 13, 4,

[ Re movea [ H0)d 0 74, 9, 1,

Gross rivepm 0.-19. 7 °1 5.7°% 10

Net river )Nc 0.-08. 5 °1 1.5° 10

Gl obal Nd 'pt 69 1° 10
NotRr.evi ousloysed Rednolvdd Jlggnessri ver Nd fl ux an:
budget are basedqTaohpkawaoes atudi @2903; Joh
2007; Arsouze et al ., 2009, THRe mptf ®@nmdartd ade i
(1sD), standard error (1SE) and 95% confi den
bel ow, and a detail ed uncerutpapil retmye nd sag s Mmd retr
3.3 Methods

3.3.1Sample collection and treatment

48 water samples along the Amaroer RaVeniéegtag
the Par8 River estuary and nearfiyglr egaroens of
coll ected during RV Meteor cruise M147 (29 A
GApr 11 of t he international GEOTRACES ©prog
coll ected ei ttherh wirt ha-Ta€ otpodwBaetputvhe t (yCT D) rose
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equi ppetNiwiktiim Dbt t | efsi.s hWitthhe twhaet etro wseadmp | es w
2 to 3 m water depth and the bottles of the
i mmedi ately below the surface to sample,the

20 to 40 L were-ctramefder2Zred iprdtasstacaci ccubi c ¢

t hrough Nudl5eopore filters within a few hour
acidified on board to pH ~2 uasnidn gs tcoonecde mttr art
temperature for further treatment in the <cl e
SPM samples were collected from the | arge arm
L CTD sample plastic cubitainers of the | ow
retainedemnNuddleedpadtrbe f il ters had ermdotf obe 8n 1la

N 1.0% (1SD, n=5) of the bulk SPM sample ma
and SPM content of SPM sampl es. The SPM wa
containers using MQ water and excess water
visually settled. I n the B28BAE€ranhdriyhenhhbo8BU
before further treatment.

3.3.2Fei Mn oxyhydroxide extraction and alkaline fusion

Approxi mately 0.2 to 1 g of SPM was treated
of 0.005 M hydroxylamine hydr-EDTMAO(sddi &am5%
ethyl enedi aminetetraacetate) solution buffer
10 minute#dHuahg!l leowialrg ek2 0 At ) iiMng otxlydhyldalmoixli e e

fraction. Total procefdidda(nbfadksawerar behoem
The reproducibility was monitored by-1leachin
2 (n=3). The SPMs were then treated with sti

hydroxyl amine hydro@hO3 r-BVMRI™A 1s50% uatcieotni cb uafcfiedr/
4 with NaOH overnight tdMrcoaopyleyaed gxirceno,vef a
the methoGuapphredltn atlhi s( 2s0tOuwyg , ok by tdabkl de
phase data we measured refers specifically t
solution. The residual SPM samples were drie
homogeni zed erfosi ¢ oBdaydkdadavtinnTgh e ac20Wr%9aacy an
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reproducibility of the fusion techniqgue was
with each batch of SPM sampl s (inFE@&I) ydilnSgGSm
reference matEens ) -28B8HHO8BGV Tot al procedur al
80 fpoyd (n = 4) are therefore negligible.

3.3.3Neodymium and hafnium isotope analyses

Filtersamphtmardhmanal ysis were preconcentr at
precipitation. To remove most ofclehnedFd] t
et hyl ( ®ttihehel et Theé. REZ20aAad) Hf of water and
separated from matrix el ements EE@W@,cation
1.4 mi406200f ol | owi ngStihehegkhieihredhdofwas furth
separated from the other REY fLONBpesotepenmea
mL, 71190@n) f ol |l owi ng Ptime aprdo Zad dnldengaufHf ( Was 7Y ur
purified by eluting titan-RamEA-E&&)r&a&idnz@Zcmln
201800n)e f olM¢onwkienrg®tQ M d'Md rati os were meas.u
Neptune -IPAMSs aMC GEOMAR and were corrected f ol
14§ difdd = 0. 72Me/shdnd= tlo. 141876 following the a
Thirl(RaORPANI/Nd ratios of all samples were
anal yse$ ofadtdid wit h Tea nvasklau ee t oFaidd [H5 122010105

ratios of the samples mebh€BMSEdIdwene t ber rNett ¢
instrument affifinithfs s= b0 .as32D applying an expone
| aw and stawnadlaunes IMEr d 7Wi t hin uncertainty of

( Nowel |l et Thle. t 01 298procedur al | aboratory bl
negligible at iZ2429gplgof odf Ndompd2®&8dngo (&Ndmnpl
andl® ng (Hf) for isotope measurements. Seco

USGSerehce ma-Aér iwalreNODnNn with water sampl es
materi-a2l aAGV-BHNOr e run with SPM samples to
external reproducibility of t hFeorprHfc eidsuateo pfe
measurememal khabonatory standard sfpl andon (C
USGS referenchkl maeree i mé¢adNODe for monitoring

The external reproducibility of the Nd and H
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determined using standard solutions with cor
samples in the Abamdged sof( 2622.00&n0di t0s 452SD) ,
respectivel yjo.whiuhetist (®89)0f D8 measurement s
The 2SD of the secondary standard NIST 3135a
reproduci bi |GdaynGheofn naeas ufriegdur e.dhsaamdtkame e s hov
calcul ated ©By)t B&ddedquaespensi el y:

R - p pm(31l)
7
R - p pTm32)

wher é‘No'ted amd'/Hf rati osChdn€CHIURIi ¢ Uni form Re
0. 51260J3x8& obsen and Vansds e ® b 283 v 8 51e9r8 0 g t al .,

respectivel y.
3.34 Neodymium and hafnium concentration analyses

For Nd and Hf concentration measurements of
to 1 L (high salinityweamplses kwaia yweNdhs pme! e
an®d9f spikes, precopcentpatetiasj iga®Wepuanpifi
X8 column foll oRamigf t e aHFh e@2a0G®diWwer e di ssol
HF for further FlXBi fiesamni iM0DHG)s imthay eRIGWt e Ti
tungsten (W) foll 8ahong eat pabtidhed wWdrGEda jofp e di
measurements of the Nd awWd'/ S acnddididdhé r at i on:
ratios were carrie-dCRBa.t BNt ear Maul Prl eepsrmad uMCi b i
better than 0.6% for Nd and better than 1. 2
u

measurement of the same sample (n = 5).

3.35 Rare earth elements and yttrium concentration analyses

Al l REY -wemeemtrreated offline using a SeaFA
El ement al Scientific) fhodtlhowimeg eat Uhseitnhgo(d2 Budp
new system, 12 mL of acidified water sampl e

fifth syringe pump and after the matrix was
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uL of ls5MedHNodo@mcpnér ati on, every bl ank, ref
sample (pH~2) whsospitkhetdi wmtBollat moni (a6 wnip
which were typ{(balliSy,BefFoF&N.amn.ad% sis on a Th
XR M coupled with a CETAC fAAridus 20 desol
diluted with 2:@@ult adfni®Rel BWEHINMN ¢ nt er nal st a
measurement and to account f ecronareyntsamploe . e\
use of the desolvating nebulizer increases
which was monitoredbaribmefpBag¢adb€egml umi 6RB) O
and samarium (Sm) + europium (Eu) + gadolini
analytical session. Oxide foO6nmat iffbnrl @8BS, g<ene
0.05 N(rm=2,1%0r1S®e, < (0n =034, ool BEthHINk 0. 04 K
0. 1@8m=3, fNorlStbhe MREY. Certified natural riv
materials HGNRGOGQW -BVULRESWMJId GEOTRACEDrabnht en s amj
BATS 15 m andn20060Fm wedecpneahtra®d?2l)i ke t |

and measured to monitor external reproduci bi
3.3.5Nd and Hf removal and threeendmember model calculations

Nd and Hf removal percentage are quantified

P OAT T O@ 1 pT(r3)

where [ NdasorresqpHEPFents measured coaBGernhtiriad i OfF
represents concent-eatimembeexpeasedvht omet wmio x
sal iTheht ggendmember mi xi ng modehé*Nd/Nedsncbl i she
1" /Hfr ati os with corresponding [Nd] and [ Hf]
sources (i .e., Amazon River, Par aRileer and
Three major dissolved Nd fractions amae defin
the fraction from the Mitlamd itche eRavrad eRi wverrd
fracetar9o@hef f raacat,ficegicafs alfl fs ampdtewsarail merggrt ki e
cal c blyattehce &4 u3bt)( dBBU: ((

£ £ gL p@B4)
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3AT & 3Al & y3Al A 3A1 35)

¥ U U e U ¥
U

pTolptrt (36)

The Par8 riverine Nd and Hff)fractions are de
0AQOEOAOBT AEOAAOEFIH2(37)
U

3.3.6Dischargeweighted mean river dissolved Natoncentration and removal

percentage calculations

The di-wehghged mean dissolved [ Nd] 38Q): of ri

(38)

wherkesDt he fraction of each river discharge

| “nFslandii M the [ Nd] meaTshuer edi-a enh gehagcehd rmievaenr
maxi mum estuarine Nd removal per3%)nt age (F)

(39)

wherkesDas abiosvet mendNAR r emov al percentage cal
3.4 Data Availability

Al | data generated in this study are provi
avail abl e ohhtRANSGAEAOI . pangaea. de/ 10. 1594/ [
river pH and dissolved organic carbon datas
study are available through the GEMStat web
website (httpslbdbPANGABEAc202260Q0, respect.i
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3.5 Supplementary Materials

This document contains:
A Supplemensd ary Tables 1
A Supplemedtary Figs. 1

Table S3.ANd concentr at g of Fei Mn[otylydroxides, medidu&l and bulk suspended particulate matter (SPM)

from the Amazon River and ParaRiver.

Diluted redut Strong reduc Resi dual Bul k SPM Orig
LaMbnl-I ( LaMbnl-I CEeMn E avin
oxyhycoxyhyd N d G d N d i g
oxyhydoxyhyd deys y[ g&dy [ ] [ ]
es [N e $hd
- ~ 157.3 -11.8 238. 4
21.8 | 8.3 N59.3 7.9 N 56 . 0 0. 03 32_1-11.3 Amaz
-12. 7 -12.1
- - §
34.2 '-10.6 1105.1 10.3 1194.1 0.05333'4 0. 02 Par ¢
Notse d. is calculated for the mean value ofP&r atmpdresecdctin. thlee

i smol L kgrhe diluted reductive solution is a mixture efDTA. 005

solution buffered to pH 4 with NaOH, while the concdnottaveon
solomtiare 10 i mes higher. Residual -BSPMoxgepyédsexrntdeshph&fPélsaf
S e

t
represent t h sum of all phashkeave Fluedrmepr adwitddae d si o ft 5é2 Mmestah
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Table S3.2 Average rare earth element and yttrium (REY) concentrations of FEMn oxyhydroxides, residual and bulk SPM

from the Amazon River and ParaRiver.

Or i Amazon River Par 8 River
emol Labi iMa F eMn ResidBulk LabiiMa F eMn ResidBulk
kd oxyhydroxyhydr SPM oxyhydroxyhydr SPM
- - 293 . ¢ . - 4009
L a 15.7 K 42.9 K234.09 45 2 25.8 N 80.3 K303.1 0.6
- 600. ¢ . 813. (
Ce 47.6 N 119. 3 433.7 55 4 73.8 N 228.4 510. 8 75
Pr 5.2 N 13.9 KN 51.5 1%'% 8.3 N 25.1 N64. 3 97. 7
- - 238. ¢ . 333. «
N d 21.8 N 59.3 K157. 3 32 1 34.2 N 105.1 194.1 0.5
Sm 5.1 N 13.8 K 27.0 45. 09 7.7 N 23.4 KN32.0 63.0
Eu 1.1 N 3.0 N 5.2 N 9.4 N 1.7 N 5.1 N 6.1 N %Zb%
Gd 4.5 N 12.2 K 20.7 37.5 6.7 N 20.®. & 23. 5 50. 7
Th 0.7 N 1.8 N 3.1 N 5.6 R 1.0 N 3.0 R 3.3 K g'go
Dy 3.5 N 9.7 N 20.7 34.0 5.3 N 16.2 K21.5 43.0
. - 349.: 422 ..
Y 31.2 N 82.0 N236.1 34 1 48.6 K 137.3 236. 4 23
Ho 0.6 N 1.8 N 4.4 N 6.7 K 1.0 N 2.9 N 4.5 N 8.4 K
Er 1.5 N 4.3 N 13.2 19. 1 2.4 N 7.5 N 13. 3 23.2
Yb 1.1 N 3.3 N 13.5 17. 9 1.8 N 5.8 N 13.6 21. 2
Lu 0.1 N 0.4 N 2.0 N 2.6 N 0.2 N 0.8 N 2.1 N3.1 N
Notse.ids cal cul ated for the mean value of 5 sarmmlrds tirmnslkeetn
i n

concentrat ikmnl likg gi ven
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TableS3.3Cal cul at ed e s tdnanges in the middothigh-salibityl Zone of the south Amazon transect resulting
from the influence of SPM from the Amazon River and ParaRiver.

[No[ Nd
o meecon pe [ Nd SPN Labi Ch g o o
sal W9 surerv WM addicon FevMn | abi-l Res | Ua gy g W
St a me ¢ . cor resi bul gNd gNd gNd
[ p s d [AVAY' n nt OXy. Mn frac . frac . _
D sur er\ . . i nfl . i Nf Fedn resi bul |
] d [pr[prrti‘[pm'[mgfrac|nfltd|SS( d dlsscnce
ol | Kk kgl LY di ssc d
kdl 1
SPM Amazon River,
or i Par 8§ River
o . 0.52 9.8 0.07 9.8 0.05 -9.€-0..-0.. -0
AM1.9.:743, 26.25.9. 0.32." 5 33 9. 8 0.06 -9.8 0.03 9.¢-0. -0. -0
| ) 2.83 9.9 0.39 -9.9 0.26 -9.¢-0. -0. -0
AM1 12.,4 27.25.9. 2.33.0 3 99 9.9 0.32 9.9 0.19 9.¢-0. -0. -0
6.03 9.9 0.84 -9.9 0.55 -9.¢-1. -1. -1
AML 15.-11.27.24.-9. 3.32. ¢ 25 2.7 2.84 .9 0-59 9t .
i . 5.82 9.9 0.81 -10.:0.53 -10. -1. -1. -1
AM1.20.-11.29.23.,4, 5.54.0 3 70 10. 0.65 -10. 0.38 10. 1. 1. 1
] i 3.56 -10.(0.49 -10.:0.33-10. 3. -3. -3
AM3 24. .4 29.23.,, 6.1 7.t 5 56 10. 0.40 -10. 0.23 -10. 3. -3. -3
] i 7.96 9.8 1.10 -10.!0.73 -10. -1. -0. -0
AM1.26.,4 34.22.,, 11. 6.% 5 47 40, 0.89 -10. 0.52 10. 0. -0. -0
] i 10. 10. 10. 3. 2. -2
AM1 30. .7, 32.22.,, 10. & 3 e 3 1o 3 1ol o

N o

t.es

(1) The possible influence of SPM dissoluti on Uirnon stthuea rA rmaez owna t|
cal cul ated separately.

2) The conservative Nd concentration ([ Nd]Jconservative)eis cal
estuary and the seawater endmember.

The condlesivandiwes res grvati ve) cemrdenepnbreds ctomstehe at woe mi xXi ng
(S

: 0.2, [ Nd]Gd-95.041). 9a npdmosle akwgat er (SWd-BB. &) i[mMNdfhe 265r 8n penot .

3)
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@[ Nd] addition|[Nd]Ndhmea vart ¢ d e .

(5) Di ssol uti oMn odx yy hayod rl ex iFekes, resi dual SPM and bul k SPM is ca
/| {MiBhe oxyhydroxides [ Nd] or residual SPM [ Nd] or bul k SPM |
ornyl supvplai edd ssol ut iMnNn ooxfy htyhder ol xaibdielse oFe r esi dual SPM or bul k

6) gNd Weme as i@ dbi-Me iFefl Weneeiddoe i Wibludiekndend laurenced.

SPM from Amazon River SPM from Para River
- (a)-48 -
-10 44= 10 (b)[-48
N & - ¢ ~ 442
11 40= 14 LI 405

2 _qo- ¢ 36 35 . i<}

Z 12— 3 2 45 @ 36

; 13- ,/\ ¢ [P “ o o2 &

-137 o st ;\ 28‘5: =13 /‘Q/ ' 288
-14+ ) ~ i <2 ¢ >
- 24 14— 0g™
S I O O e o e e Y
0 5 1015 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Salinity Salinity

® Measured €y —o— Measured [Nd] —=="\ Measured increases in [Nd] —o— Conservative mixing

—o— Labile Fe-Mn oxyhydroxides dissolution —o— Residue dissolution —e— Bulk dissolution

Fig.S3.1Cal cul at ed e st changes inferenced iy S*RM digdeldtion in the mido high-salinity zone of the south

Amazon transect.

Panels a) akhdhbhgeboiwnt heenced bynt bxydhiysds oixitdiesn ofesli aluiall e S
the AmaR@am§ amidvers, respectively. Thehdmggse arndifnmeteBeordiddgthwe e
salinity zone precludes SPM dissolution as (ushieg nmaatiunr esso uirnc et hf
estuarine pl ume.
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18 2 24
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24 TV36 5al. 249 : : * 24 2
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®— Measured—e— Conservative mixing—e— Labile Fe-Mn dissolution —e— Residue dissolution—e— Bulk dissolution — © - Labile Fe-Mn-Amazon — © - Residue-Amazon — © - Bulk-Amazon

Fig. S3.2 Calculated estuarine water REY changes influenced by SPM dissolution in the mitb high-salinity zone of the south

Amazon transect.

Panels a) R&Ygrosbhewttadei ons changes (normalized to conserve
phases of SPM fr cmantehe hAneazstanalrRRkZed rwpeatta eamge ©ofi nf l uenced by
|l abi-Me &eyhydroxi des, resi dual SPM alnhde bsual nkp | SeP Mviftrho nt hteh eh i Agnha
corresponding to W n[ Nhlfeoaodsidd h né t ymalonleg of the sout hattemazon -
influence of SPM dissolutioRPaomre|tihé¢ REY op @thtoevr nMme f oORES ypdart a xeied
resi dual SPM and bul k SPM from the Amazon River
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Surface salinity
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Fig. S3.3 Stations of nearbottom water sampling above the continental shelf area of the Amazon estuary.
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Fig. S3.4 Establishment of a box model for the Amazon estuary. The box includes the Paraestuary and outer Amazon estuary

with width WB. The schematic of the Nd and Hf mass calculations in the box model is shown in panel b.
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S3.5 Relationships between salinity and dissolved Nd and Hf concentrations with distance from the ParaRiver mouth.
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Table S3.4 Parameters and results of the box model used in this study.

Par 8 Ri AmazkhRinve Seawa
Par ameter s or

B o x Box
[Nd], [H®] (pr 1035.6, 501.9, 25.8,
Qg it 14 .-40.,1 9.4, 1-11.-14.,
Salinity 0. 4 0. 2 35. 5
Di stance, width 352, 70 352, 70
Di schar geldiay Ma 2.6 °1 2.3 1'%
Seawater vol ur 5. 71° 1 5. 71° 1
Freshwatef) vol 6.5 ¢ 7.5 °]
Nd. Hf mass (5.21? 11.15.2136,)7 0.
Nd, Hf maxi mum r e 95. 0%, 90. 8%,
( %) 5
Gross Nd,( nofl )Sl6'814é| 8103, 8 27-0m
Removed Nd, Hf 6'414éT Al03. 4 378
Net Nd, Hf sup 3'41? ]1"0-3.52,7-1&{1'2533’T
Cal cul atheWr mea -13.4 3~47.,13 .~6
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speed m/s

Fig. S3.6 Regi on al coagtlalurcindoulaeaatdiadrmat eRODl7¢ i mages of mud distr
(Dauphinpn,dedéamgegnting the northward deflection of both river

The Amazon plume is wusually deflected northward along t&e c
hindered by the strong discharge of the Amazon Ri vee.t eHloweov e
the north by the vigorous North Brazil Current (NB@G), which

72



Chapter3. Overlooked riverine contributions of dissolved neodymium and hafnium to the Amazon estuary and oceans
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Fig. S3.7 Locations of compiled global river dataset of this study indicated by pH (circles) and dissolved organic carbon (DOC)
concentration (triangles).

Original dat a f ewe i pmrhda ceidc tmermmagy dlii sshwdrvgeed ri verine [ Nd] and max
(Programme, 2017a;ndViGL(bRH&a@GH mann .22&4u.r,e PrloAduced using QGI S.
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Met hods
Rare earth el ement and yttrium concentration and neodymium I

The rare earth el ement andiMnt oxiylhmde oxc e@retsr dti ineh ualnalgy st do sef
reductive solution) and the residual CBMret medBGMAR.d Tome arne pArgd
monitored by repeated measur ement s -20f( n=er)t.i fTiheed RrEeYf ecroenmcceen t 9 e
cal cul ated as t heilMnun xcydhnycde motxri adteisoimaeadfNdFees s duapi SPMomposi ti o
Ne pnteu Pl -u€PMS at GEOMAR. Details have been provided in the me

Establi shment of the box model

The box model was Kasit alalnids e d efiTohlcelh orwerinagt 1 @& 4hi ps bet ween sal

concentrations with distance in the estuary are described by
F(Nd) = f (x)X “233)18. 056 I x

F(Hf) = f(R)®=®)7.455 1 «x

F(Salinity) &58®Y) = 1.047 1 x
The freshwater volume, seawater volume, Nd and Hf magsrseatsi ng t
the following equations:

Nd or Hf concedbsRgi onQuiad | i QEKR ¢S 3t.)
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Seawater vealayugne (Ve QQIB QOGS F.)

Freshwat errtryso)lay ne —(—vo QOB QO S F.)

tha Grwas cal cul ated by equation (7):

INdi st (S &)

wher e nd bte@ ssMwaeawbhSer t he gross Nd or Hf mass supplied by the Ama
by eqBa8t)Manor(kas t he Nd or Hf mass i 153t)h eanvtbdo-xMiim@aVv alul ias etdh & yNe@ g
removed in the equag®Bgncal cul ated by

Mnd oF HM®tler [ Nd] (S&8) [ Hf ]
MNd oremoTal MOtler [fNGIs]theﬂteﬁ[rHJhT]NatBer ¢ €ed(BE®g e

wher etr t@ adoagfel ects the maxi mum removal percent age3do)f iNd tohre

main text.

Quantifying uncertainty in the calculation of revised weight

Il n this study, the pH values of 582 gl obal rivers anf@d NODCaadat

maxi mum r emoval percentage. To assess the uncertaiohy(ile. duj
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standard error (ls.e.), and 9%5&w)comhedenteul ateomabf (CNU] (Vi

1 confirming a wide range of valwues in the datasetri(vrexr58 )F,i ¢
6b). Therefore, we calculated the weighted means iinmgcratda rotf ttd
that the standard deviation primarily meprkeseant sit hwastrmdti sd|

rely on the standard deviation for displaying the ancd umrarcryova

range of 95% CI suggest relativeeiyghptredi searsfitNmmpt aondsmaxi cu

with | ow |l evels of wuncertainty. Furthermorédfoitthse woetdhched
mean dissolved riverine [ Nd] mosl ‘dkoGasiilsltaerndte tavimeith 8alh epy@asdt @ Inaq t e
et al . (ThE®2Xd)ose correspondence of our estimate to these pre

our calcul ati ons.
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Abstract

Mangroves are considered guardians of the g
marine biodiversity and counteracting gl obal
Hence, the export mechanisms and fluxes of r
trace el ement s ( TEs) from mangroves direct
Combining radiogenic neodymium (Nd) and hafn
concentrations we show that the Amazonian ma
di scharge, t henadhigsasnaNewt i(adxey toyfdri axindes and t h
with seawater. Together®g tMdreseopvedesdsesesgurp
to 64% of the dissolved Nd flux in Amazoni
systems dDWtofi btuhe et Nd i nput to the ocean
deposition. We project am @mamgrRaobveecocaBe2®d
the scenario of an estimated annasi zenmantghe v

urgency of mangrove conservation.
4.1 Introduction

Tropi cal mangrove forests se(rvwei lalsey reutciall. ,s
Bouill on ,etanad .a,s 2b0uOf8f)er zones between | and
amounts of continen{&urmbhawnani ahdawWwolk Aaes kiiay gi
et al.Tle 2Mah&@)omveated ecosystems also act as
their active role in organic (nmuaanoesr ed eSiolmpao :
al .,aBad0a% vast quantitiasss wlfveditarigganntisc, cpaarrl
and DOe€and £OHal ong with substanti al amount s
exported f r(oDn tntamagrr oavreds Lara, 2001; Dittmar
Mor i et al ., 2019t heakmyl ietf lalenci 2g2kar bon
food webs of surface eco(sSyasntteonss eitnT hbterroepfidchadl ]l
understanding the sources and processes that
and TEs to the cWiatshian tolte amangr ava csydt ems,
compl ex processes inteemiodnssi,i malvedi mge gt srs

particul at e) i nput, and sedi ment di ssolutio
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estuar i mree lreeansoev alr o c e s s esse,a Wraat negrr ocevxec hsaendgi emeanntd
porewater interactions. These factors chall e

mangroves and a comprehensive underistmanding

bi ogeochemical cycles in the coast al ocean.
TE exports is yet to be determined.

Par triecalca i ve el ement s, such as rare earth el
insights into different pieemessakthsasrcedia
water interactions, which is enabled by dist

sedi mM&Gtl st ein and Jacobsen, 1988a.;, MHmd hor ne
relative enrichment or depletion of cerium (
REEs, particularly |l anthanum (La) and neod
conditions since Ce ( ) can be oxidized to
adsorbed to particles( RBInderrfeineolvde da nfd lo@r esaevaa
addition, a positive Gadolinium (Gd) anomall
ant hhropogenic source contributions, given tF
are major Gd soul(Bas amdmd®déskiri 1O&9BnRn Rabi
addition to REEs, radiogenic Nd Gaammé;Hf i sot
respectively (deé¢ihedhliy dMensbiodisye tracers
water masses enabled by fingerprinting of t
di stinct isotopiccehngeratvateseabdhmarior 3Z@&A3 e
van de Flierdt et al ., 2007; Rickli .et al .,
Theésan@isi gnatures are al so ipmprotritcalnet iinntdeircatcot
t he coOmndearre ni{rn.taecrafnracaend ,yeaedelt ha2005b)ver wat
and particles carry distinct isotopic signal

in estuarine waters to trace mixing process

New Cal edoni a, wheroef adisuwlndtverdt iRRHE sr ewaesas@b
associated with the-maduntdiwe (cdxeshsyod aud g iodhe 0 f
et al ...l n2Gzhleb)coast al seawater of f t he Ama
concentrations of TEs have been obs(edreved, pr
Carval ho et al ., 2021; Hol |.i sHoewe veetr ,alt.h,e 2s0Oo
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di sc
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whi c
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margins to the oceans

processes controlling these TE concentr e

ceanic REE and Hf bwdgets remain | argely

study aims to elucidate the potenti al
Nd/ Hf i sotopes in coast al seawater off
r estuary and the associated matnlgg ove sy
on coast, a s( Aas pn aettu.raaA d dli albDodrBagtl ol ryy, we i n
uence of the mangrove systems on the gl o

ous spatial scales of processes were ex
® Ri ver estuar i @va tpearo c ensi sxe sn,g, -p ocarnedw a ts
water/ seawater interactions. The concent
r, i ntertidal crebBh waybydrperdwatenct al

ment ,(hsas@nmwe lgih a & sarsetsalo fs ecaovalfem, yporaevdat e
tal sediment, arelgepimddatea .r §healombanem
har ¢fem aonxd hyelr oxi de di ssolution supply s
and Hf to coast Bbkanddediwsattreirb uatnido ncso, n tsruog
ound influence of mangrove systems on th
h potentially is also the case for other
rove | oslsved hBE nfetuxdds sexported from th
ease with &% aenxncueaeldirnagt et hoef rOa.t2e of mang
dberg.et al ., 2020)
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Fig. 4.1 Map of the study area showing sampling sites.

aLocation of study area onb&ShmpINiomdg hsBatizoh

coastal surface seawater and cSadipmemty di Yiede
the Caet® River estuary, which were dividec
brackets (f Huviinagle,d, macnagdrachvpel i mgr shegs of i nt
water and porewater i n t he mangr ove area.

(https:// www. ggis.org/en/sitel).
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4.2 Results and Discussion
4.2.1REE variability in the mangrove systems

I n the Caet ® Riovceeranne ssteucatriyon twaes rdivweirded i nt
zone, théeérmaggdovene, and t hEi 4lp(aksnt ad e oecte an
al ., mot2h3e .f lluvi al zone, Bh&)l ewhshbREEBIt g wma
( MREE) enrichment pattelfing2sp( i dearftel dtherat
and asdalrgeremoval of RKREB3) (dNdc arsriendd unecieadmyp & let
coagul ation and precipitatio(Boyl ¢ nanoapart.i
Shol kovitzn B9M2) wat efrrsi mged haen dnanga otvel oce

circFegly,n as wel |l as one sample from the f|
positive Gd anomaly, i'6detaned by MbBehpods)or
1.6 to 8.8 (n=5). Such an anomaly typically
|l i kely originating from(bBadi aad Dalkskiti 396
al .,. 2wl®9l)e the absence of a sewage treat mer
wastewater is not the primary source, anthroc

positive europium ahomal wybteefvieded nas hEskEuw
ratio varying from 1.3 to 2.0, whi ch has be
particles (particularly weathering of felds
di ssolved complex&loziakipreviatOud ega0 @ite 88z qu e
A high correlation coefficient (r=0.87, P<O0.

i mplies a common source for both in the Caet
Eu anomalie8. 8GdRGMEuUuoOccur at t hefrsitnagteidon 0
zone, wh'drmecr@e/s@e to 0.8 from 0.4 at stati ol
preferenti al reductive transformation/rel eas
station 7. Therefore, the Gd and Eu anomali e

a comation of reductive dissolution of ma n g
compl(eMeae set alnd/ o2O0@2&stabilization of Gd di

aci dDTBA) by oceanic magne(sScuhm jafn da ncda | Ghiruins ti:
|l nterestingl yf,riinng etdh ez ormaengrwevebserve remar k.

[ Nd] ) in sever al samples compared to their
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represent mi xing of water s reflecting ma X i
remar kable increase?tion JNd)pnoldesrkrgt 210 @mmols ak g
This is even higher than the conservative mi
that daWwzmidryd (indicates significant supply
Caet® River freshwater and seawater. Mor eov
P<0. 01, n=23) bet ween [ Nd] and hresnthbobnden
dmember was closely related to -Feiogeding
ne, the three samples with the highest [

aracterized by a considerable emattcédment

O O N
o oS O oS

served i n pMT eowxaytheyrdsr oaxnidd eFse ( f or furt her d

the Furo do Mei o intertidal creek, t he sa

—+ 5

was observed that salin83by depdreasedasdead.i

o

w tid€88)JSawhiBé di ssolved o@ygpposionheent e
ropping to apbpduwrxiimptliedw t2imbge,L i ndi-cating t
Il i ni toyx ybguetn lpoow ewat er di scharge (&3 ttthmarre 1 s
d Lar(@aKkn ke 1tThal [ REEQ2&xhi bited tidal s hi

ring low tide and a decline during high ti

> © o 09

d porewater and/ or Il nteractions with sedi
splayed tpat t(evitanns edeewaFtleirer ¢athaetacabkrjz01bYy
pl eted with negat i-evner i @eh eah oppdaa)it.ye rldoswde (VHER'E E

ring |l ow tide, in addition to relatively

w o a9 9 9 o 9 u o

> O & o

awater showed only smal/l or no negative
creabegent A significant observatibn was t
during low tide, which is o'wesrc 04 dteidmedsurhingh e
tide on the same day. This pronounced [ Nd]
strong influence of another source and was
exhi bited a REE pattern charabeediowmedt by REE
depletion, the same REE paMheoryhgddfagxindes n|(
42c¢c) Furthermore, [REE]ti(edalg.vaflfNdij)oweref well
P<0. 01, n=13) with [ Fe], asismicltar suggebkbati nffo
[ REE] is linked with Fe cycling in the mangr
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| @i gplowwat er samples of mangroves sedi ment s,

intwdi stincFkti g2ypes ) ( estluéekrei,nec hvaataecrt eri zed

enri chment i n HREE and depletion in LREE wi
estuari ne -Mwmatoexry;h yidirkoex,iF elleed enpgl eHREKIE and hi ghl y
enriched. Tht¢i &etaRéeirpne watthers|l i ght La addi't
suggests the existence of a fresh RBE supply
sediments. This environCmeNt tpr)€eenid sf achiel iotxal
hi gh concentrat i on( Blodeurbfliee [TChedni Ih@8pddryedw aotxd rd e
Il i ke REE pattern demonMmnr raxxyly drhoex iddies shod iurt g

c

ource elevating the [ REE] of porewater. On
in the porewaters indicatredani peefer ¢iREEaldu
reductive diMasokythiydmoai dEe. This observatic
previous experi ment t hat LREE previously

preferentia(lSholtkbovadlagt idd9® &) observed in por

sedi mmHatl sy eaandl New2CaA#Weddqdmbaammg man@riovex2021

The fluctuations in porewater salinity (Sal

mi xing and <circulation within mangrove sedi

porewater and tidal creek water, al ong witl
t heml ves, underscore the compl expdryevwodt etrhe
interactions and their mi xing with tidal S

encompass di spsroelcuitpiiocnatarmd rod Fe or Mn oxyh
phasaenstfior mati ons (such as with Ce) trigger
Addi tionall vy, the removal of REEs, particul
occur during the mixing of porewater with s
est eamwian er samples with the highest [REE] a
[ REE] are similar to-Mhbhogghpdlr poircdevat é e sio@AN
di scharge from porewateiMs anghydtrexadesoar wi
sowes el evating the [ REE] of Caet® River es/

t hese mangr ove ar eas.
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Fig. 4.2 Rare earth element (REE) patterns of waters from the CaetéRiver section,

tidal station, and of porewater and sedimentary FeVin oxyhydroxides.

Po-at

chean AustralliTagl 8habed( MAASMaRBEE ed985a

patdgoefr Caet ® Ri vea ,estnaanritn @ awvptceewkt evatamd (|
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of e
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al on
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Di st
cycl

oxyhydroxi des qop at iRBggs paft t sed-Mmdntl abi |l
ydroxides is scaled down by a factor of

stuarine waters (Sal: 20, solid gray | it
arison and magniifn epdadiieyl sfca)c.boat $ ook 8 f a N
ent Catet ®nfKioker €EbBéubruveedwshedsline in p
ul ated conservat ifvree srhiwaitreg lainme ss eaemaw eser
g the river transect. The second conseryv
ned by endmember waters representing m
riobfutNdonasnd Fe icothmherthitdalt onselfwater ov
es.
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4.2.2 Dissolved distributions of REE and Hf concentrations and Nd/Hf isotope
compositions in the coastal area off the mangrove belt

I n the seawater of the coastal area of this
other TEs (e. g., i ron, ni c(kdeel ,Cacrovbaall hto, etti taalr
Hol | i st erHoeltl iadt.egr 2e0t2 1al ., ROV ;b Serh nfed Wred eelt
compared to estuarine waters with similar

potentially |l arge flux from Gicaelitaegnhyumasgr

between tropical wéistlelrux Atf)¥mtet akbdwareérs3
coastal seawater of fagtih7eldA8nako ns aggensah gtr be e

of a source characterized by high [ Nd] and
signaRiugd)e.s Al t hough the [ Nd] and [Hf] of thi
as it anambibedtaidossol ved and particuMmte effe
oxyhydroxides), we tentatively consider the
salinity (Sal: 28.1) to be the mixing endmem
endmemtherch, iwsel f represents a mixture of

close correlation of FlMdh anRkRF=OLBBf2D.awnbdt h s al
respecti vel yen dsmengbeesrt sc can stemov atHfe mioxienwge rqf

t he-etndane mber conselvmalliisvegnmi xir egFo4drday | i

and) 4cal cul ated using measured [ Nd] and [ Hf]

kdand 1.0 Ypmodspkegtively) do ndwamtrequat el

di stributions in the coastal ar eeand nMmem@ardr es
conservative mixFn4g4d ianpedsu g(iebntge dp rfeNddipcsand [ Hf
the mangrove endmamdend 0('p5®&s e@oTth eksgd yr esul t |

mi xing |inkmnWefilsect buhé ons in the coast al

t htae mangrove system indeed contains high

i sotopic signatures and exerts alisingni fi cant

in the coast al regi on.

86



Chapter4. Mangrove systems incubate a large dissolved neodymium and hafnium source from continental

Atlantic seawater

margins to the oceans

Eng
-1
&N

4°N

2°N

Ocean Data View

-
-
-
-
ey
-
-
-

-
1

AmazoniRiver/

Atlantic seawater

Ocean Data View

1°N

Coastal seawater

48°W 47°W 46°W

Fig.4.3Di stri butions

Amazonian mangrove belt.

The

area) and

di $hteda Mg ii yreat ur es
coast al

Ocean Data View

45°W 48°W a7°W

of

seawater

bet ween

H
2
>
=
a8
c
&
o

46°W 45°W

di s w0 k)lhecobstalateaafftte Hf i s o

exchange/interaction

Amazoni

an mangr ove

bet ween
coast

87

tropical weste
osf U g ¢ ehset Asmarzaomg an
continental mar



Chapter4. Mangrove systems incubate a large dissolved neodymium and hafnium source from continental

margins to the oceans

Fig. 4. 4 Dissolved Nd and Hf concentrations ([Nd], [Hf]), rare earth element and
yttrium ( REESnN dadiktribudonsinthe Coastal area off the Amazonian

mangrove belt.

a,) bDi ssol ved [ Nd] and [ Hf] di stributions a;q
coastal area. Estuarine Amazon wat@EE are sh
pattern of dodimrmlioceawasteal seawater, porev
Mn oxyhydroxides (gray bars). The gr-ay solic
endmember conservative mixing between the |o
western Atl ant iacs ugeawdtNedr] uvasidimg rrilheg r so.f Tt hhee skel
solid |lineendempmébeentconwer vative mixing usi.

ofmangrove sn@ing mblammdo I1 Oklgp mod s kegct i vel y). Dis
or [ Hf] andlodirorfe stproonpdiicnagl western Atlantic
Zi er i(2n0glelr)Er r or bar stchardedpondt it @ea@@( 2SD) of
measurements.

88



































































































































































































































































































